University of Windsor

Scholarship at UWindsor
Electronic Theses and Dissertations

Theses, Dissertations, and Major Papers

2019

Development of Various Fibre Reinforced Cementitious
Composites
Emad Amjad Booya
University of Windsor

Follow this and additional works at: https://scholar.uwindsor.ca/etd

Recommended Citation
Booya, Emad Amjad, "Development of Various Fibre Reinforced Cementitious Composites" (2019).
Electronic Theses and Dissertations. 7689.
https://scholar.uwindsor.ca/etd/7689

This online database contains the full-text of PhD dissertations and Masters’ theses of University of Windsor
students from 1954 forward. These documents are made available for personal study and research purposes only,
in accordance with the Canadian Copyright Act and the Creative Commons license—CC BY-NC-ND (Attribution,
Non-Commercial, No Derivative Works). Under this license, works must always be attributed to the copyright holder
(original author), cannot be used for any commercial purposes, and may not be altered. Any other use would
require the permission of the copyright holder. Students may inquire about withdrawing their dissertation and/or
thesis from this database. For additional inquiries, please contact the repository administrator via email
(scholarship@uwindsor.ca) or by telephone at 519-253-3000ext. 3208.

Development of Various Fibre Reinforced
Cementitious Composites

By

Emad Booya

A Dissertation
Submitted to the Faculty of Graduate Studies
through the Department of Civil and Environmental Engineering
in Partial Fulfillment of the Requirements for
the Degree of Doctor of Philosophy
at the University of Windsor

Windsor, Ontario, Canada

2019

© 2019 Emad Booya

Development of Various Fibre Reinforced Cementitious Composites
by

Emad Booya

APPROVED BY:

______________________________________________
S. Alam, External Examiner
The University of British Columbia (Okanagan)

______________________________________________
S. Cheng
Department of Civil and Environmental Engineering

______________________________________________
R. Ruparathna
Department of Civil and Environmental Engineering

______________________________________________
J. Sokolowski
Department of Mechanical, Automotive and Materials Engineering

____________________________________________
S. Das, Advisor
Department of Civil and Environmental Engineering
April 08, 2019

DECLARATION OF CO-AUTHORSHIP AND PREVIOUS PUBLICATION

I. Co-Authorship
I hereby declare that this dissertation incorporates material that is the result of joint research
undertaken with Miss Karla Gorospe, of University of Windsor, Dr. Hossein Ghaednia, of the
University of Windsor, Dr. Harshad Pande, of Domtar Inc., Mr. Philip Loh, of Facca Inc., and
my supervisor, Dr. Sreekanta Das, of the University of Windsor. In all cases, the key ideas,
the primary contributions, and data analysis and interpretation were performed by the author
of this dissertation. The contributions of the co-authors were primarily focused on the
provision of the study and suggesting possible directions. Results related to this research are
reported in Chapters 2 through 6, inclusive.
I am aware of the University of Windsor Senate Policy on Authorship and I certify that I have
properly acknowledged the contribution of other researchers to my dissertation and have
obtained written permission from each of the co-authors to include the above materials in my
dissertation.
I certify that, with the above qualification, this dissertation, and the research to which it refers,
is the product of my own work.

iii

II. Previous Publication
This dissertation includes five (5) original papers that have been previously submitted or being
prepared for future submission for publication in peer reviewed journals, as follows:
Dissertation
Chapter
Chapter 2

Chapter 3

Chapter 4

Chapter 5

Chapter 6

Publication title

Publication Status

Free and restrained plastic shrinkage of
cementitious materials made of engineered Kraft
pulp fibres
Durability of cementitious materials reinforced
with various Kraft pulp fibres

Published,
Construction and
Building Materials
Published,
Construction and
Building Materials
Submitted,
Composites Part
B: Engineering
Submitted, Journal
of Building
Engineering
Submitted,
Construction and
Building Materials

Durability properties of engineered pulp fibre
reinforced concretes made with and without
supplementary cementitious materials
Effect of weathering on the durability performance
of engineered pulp fibre reinforced composites
Performance of fly ash and slag containing
engineered cementitious composites

I certify that I have obtained a written permission from the copyright owners to include the
above published materials in my dissertation. I certify that the above material describes work
completed during my registration as a graduate student at the University of Windsor.
III. General
I declare that, to the best of my knowledge, my dissertation does not infringe upon anyone’s
copyright nor violate any proprietary rights and that any ideas, techniques, quotations, or any
other material from the work of other people included in my dissertation, published or
otherwise, are fully acknowledged in accordance with the standard referencing practices.
Furthermore, to the extent that I have included copyrighted material that surpasses the bounds

iv

of fair dealing within the meaning of the Canada Copyright Act, I certify that I have obtained
a written permission from the copyright owners to include such materials in my dissertation.
I declare that this is a true copy of my dissertation, including any final revisions, as approved
by my dissertation committee and the Graduate Studies office, and that this dissertation has
not been submitted for a higher degree to any other University or Institution.

v

ABSTRACT
This dissertation presents the results obtained through a comprehensive experimental work
that was carried out in two different phases. Phase I determined the mechanical and durability
performance of cementitious composites reinforced Kraft pulp fibres. Two engineered fibers,
along with a commercially available unmodified fiber, were used in reinforcing cementitious
materials. These fibres are called mechanically modified fibre and chemically treated fibre,
and these are not yet commercially available. This study was completed to determine the
strength, durability, and interfacial properties of the reinforced cementitious composites. Test
results showed an increase in the permeability characteristics for the reinforced concretes.
Hence, these fibres reduced the compressive strength and durability of reinforced concretes
as compare to the unreinforced concrete. However, the two engineered fibres performed better
than the unmodified fibre in terms of compressive strength, chloride ion permeability and
water sorptivity. Further, the drying shrinkage strain was reduced considerably when only 1%
chemically treated fiber was added. In phase II, a study was completed to experimentally
determine the influence of partial and full replacement of slag with fly ash on the mechanical
and durability performance of engineered cementitious composites. Test results showed that
mixtures containing slag exhibited strain-hardening like behaviour and a comparable ductility
property as engineered cementitious composites containing fly ash. Further, slag blends were
found to be significant in reducing permeability in terms of rapid chloride penetration,
sorptivity, and water absorption at both 28 and 90 days. However, higher drying shrinkage
strains were observed for mixtures containing slag when compared to fly ash mixtures.
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CHAPTER 1
GENERAL INTRODUCTION
Cement based materials known as cementitious composites are widely used around the
world and its consumption is increasing in all countries. The reason behind the popularity
of cementitious composites is its relatively inexpensive production cost, ease of
manufacturing, and the availability of the raw materials it is made with. Moreover, these
composites can be used in a wide variety of civil and structural infrastructures. Hence, the
development of cementitious composites has been a popular topic of research by many
around the world. Recent developments in this area of research have made it possible for
cementitious composites to have not only higher strength, but also be more durable, ductile,
and economical.
Cementitious composites, particularly concrete, are known for their brittleness, which
corresponds to low tensile strength. Nonetheless, the inclusion of small discrete fibres in
cementitious composites have been recognized as a means of combating brittleness. Such
composites are known as fibre reinforced cementitious composites or fibre reinforced
concretes. The concept of reinforcing brittle materials with fibre goes back to ancient times
(about 3500 years ago), where materials like clay bricks were reinforced with vegetable
fibres, straw, or horse-hair [1]. Since ancient times, people have realised the effectiveness
of reinforced cementitious composites in resisting cracks and preventing catastrophic
brittle failures.
Fibre reinforcement in cementitious building materials began in the early 1900s. Asbestos
fibres was initially used as the primary fibre reinforcement to cementitious materials.
However, due to the toxicity of asbestos and the adverse health risks it poses, such as
1

asbestosis, lung cancer, and tumors, the use of asbestos fibres has since been eliminated
[2]. Since then, substantial experimental research on more sustainable and
environmentally-friendly fibres have been undertaken to determine suitable fibre
reinforced cementitious composites.
Cementitious building materials generally consists of Portland cement, coarse aggregates
(gravel), fine aggregates (sand), water, and other components such as admixtures and
plasticizers. Many types of Portland cement exist to meet the different physical and
chemical requirements of cementitious materials. The use of different types of Portland
cement results in materials possessing properties such as: high strength, low strength, highearly strength, sulfate resistance, and low heat of hydration. Apart from conventional
aggregates, recycled and artificial aggregates have also been used in cementitious
materials. Further, the use of different types of chemical and mineral admixtures improve
certain fresh and hardened properties of cementitious materials. Chemical additives like
plasticizers and air-entraining agents, and mineral admixtures such as natural pozzolans,
fly ash, rice husk ash, silica fume, and slag have been successfully used.
In general, the advancement in the production of modern cementitious products have made
the material more brittle as compared to cementitious materials produced in the first half
of the 20th century. Modern concretes usually have high strength but are less durable in
terms of crack resistivity and permeation of corrosive substances (i.e. salt). Alternatively,
high-performance cementitious composites, a special kind of concrete, possess superior
mechanical and durability properties. High-performance cementitious composites are
typically used for structural applications and usually include fibres. Some of the fibres used
as reinforcement in structural concretes include steel fibres, glass fibres, synthetic fibres
2

(i.e. PVA), carbon fibres, and natural fibres [1]. Table 1.1 presents some properties of
common natural and synthetic types of fibres used.
Table 1.1 Properties of synthetic and natural fibres used in cementitious composites [3,4]
Fibre Type
Steel

Specific Gravity Tensile Strength
(GPa)
7.84
0.5-2

Modulus of
Elasticity (GPa)
200

Glass

2.6

2-4

70-80

Asbestos

2.6-3.4

3.1-3.5

164-196

Polypropylene

0.9-0.95

0.45-0.76

3.5-10

Carbon

1.6-1.7

2.5-4

230-380

Nylon

1.14

0.75-1

4.1-5.2

Acrylic

1.18

0.4-1

14-19.5

Polyethylene

0.92-0.96

0.08-0.6

5

Polyvinyl alcohol (PVA)

1.3

0.9

23

Sisal

1.37

0.35-0.38

15.2

Coconut

1.1

0.09-0.12

2.8

Cellulose

1.2

0.3-0.5

10

Bamboo

1.15

0.07-0.5

10-40

Banana

1.0

0.38

20-51

Date Palm

1.3-1.5

0.07-0.17

2.5-4

The mechanical and physical characteristics of a fibre should not be the only properties
that should be considered when selecting the type of fibre reinforcement. Other factors
such as chemical durability of the fibres when embedded in an alkaline environment (i.e.
cement matrix), and the ability of the fibres to absorb water and liquids should also be
considered.
1.1 Mechanisms of fibre reinforced cementitious composites
The presence of fibres in cementitious composites mainly improve post-cracking behaviour
and influence the cracking mode [3]. The inclusion of fibres generally transforms large
3

cracks into small multiple microcracks [3]. This behaviour is acceptable in terms of
durability and safety viewpoints. The mechanical performance of fibre reinforced
composites highly depends on the fibre type. Fine fibres can control the initiation and
opening of cracks as they can be densely dispersed in the cementitious matrix. On the other
hand, longer fibres can control large, single cracks and provide more toughness and energy
absorption.
The mechanical performance of fibre reinforced cementitious composites after the first
crack initiates is highly influenced by the capacity of the fibres. Hence, many outcomes, in
terms of mechanical performance, are possible after the first crack, depending on the
properties of the fibres used. For instance, composites reinforced with fibres that possess
greater elastic modulus and tensile strength than the cementitious matrix would result in a
rise in pre-cracking strength and provide post-cracking toughness [5]. In contrast, fibres
with elastic modulus lower than that of the cementitious matrix, would offer no increase in
the first-crack strength as the fibres would tend to deform with the cementitious matrix.
Fibres that have weak bond with the cementitious matrix would provide no toughness after
cracking due to fibre pull-out after first-crack [5].
The fibre-matrix interfacial zones in fibre reinforced cementitious composites can be
modified to improve post-cracking performance. These modifications include:
1. Increasing the fibre’s aspect ratio by either changing the fibre length and/or
diameter
2. Mechanical modifications such as fibrillations and hooked end fibres
3. Increasing the fibre volume in the matrix without adversely affecting the
workability
4

4. Modifying the cementitious matrix via changing the proportions and using different
cements
Despite all the modifications and methods mentioned above, the behaviour of the fibre
reinforced cementitious composites is expected to change over time as prolonged curing,
environmental interaction, and exposure to alkaline mediums (cementitious matrix) can
affect the chemical stability of the fibres and influence load bearing capacity.
1.2 Cellulose fibre reinforced cementitious composites
Cellulose fibres are primarily composed of cellulose and varying amounts of lignin and
hemicellulose. These fibres can also contain varying amounts of water, proteins, peptides,
and inorganic compounds. Any vascular plant that is found in nature can be used as a source
of cellulosic fibre. However, the use of a particular plant as a source of fibre would highly
depend on its availability and extraction cost [6]. Cellulosic fibres are classified into two
main groups: wood and non-wood fibres. The lignin amount in wood fibres is higher than
that of non-wood fibres. Hence, wood fibres are also known as lignocellulose.
Non-wood fibres are classified into four groups according to the part of the plant used to
extract the fibres. The four groups are bast fibres, leaf fibres, stalk fibres, and seed fibres.
These fibres are typically harvested from different plants, as follows [6–8]:
1. Bast fibres: hemp, jute, kenaf, flax, and ramie
2. Leaf fibres: sisal, henequen, pineapple, banana, and oil palm leafs
3. Stalk fibres: wheat, barely, bamboo, rice, and elephant grass
4. Seed fibres: cotton, coir

5

Wood fibres are classified into two main groups: softwood and hardwood fibres. Softwood
fibres are obtained mainly from pines and firs, while hardwood fibres are obtained mainly
from eucalyptus and beech [6].
One of most popular processed wood fibres is known as pulp as it is obtained through a
pulping process. Pulp fibres can also be obtained from non-wood fibres. During the pulping
process, special treatments are used to break the inter-fibre bond. These treatment are either
mechanical, chemical, thermal or a combination of these treatments [6]. The majority of
pulp fibres used in the production of cementitious composites originate from wood fibres
and are obtained through a chemical process known as Kraft. Many researchers have used
pinus pulp and eucalyptus pulp with varying fibre amount ranging from 4 to 10% by weight
[1,8–10]. The source of pulp fibres highly governs the mechanical, durability and stability
performance of the cementitious composites. Hence, the mechanical behaviour of pulp
fibre reinforced composites depends on the fibre type, length, diameter (or width), aspect
ratio, and morphology [11]. Table 1.2 summarizes the physical properties of the main types
of pulp fibres used in the production of cementitious composites.
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Table 1.2 Physical properties of pulp fibres used in cementitious composites [6,11–13]
Fibre type

Process

Sisal
Sisal
Sisal
Sisal
Pine
Pine
Pine
Pine
Banana
Banana
Cotton linters
Eucalyptus
Eucalyptus
Bagasse
Wheat

Thermo-mechanical
Chemical-thermomechanical
Kraft
Kraft + beating
Bleached Kraft (surface treated)
Kraft
Chemical-thermomechanical
Kraft
Kraft
Chemical-thermomechanical
Thermo-mechanical
Kraft
Pulping waste
Pulping waste
Pulping waste

Length
(mm)
2.25
1.61
1.65
1.13
2.94
2.7-3.05
1.71
1.37
1.95
1.99
0.79
0.66
1.12
1.30
1.23

Width
(µm)
10.2
10.9
13.5
18.7
31.4
29.3-32.4
32.4
28
15.3
20.1
20
10.9
480
348
345

Aspect
ratio
221
148
122
60
94
84-94
53
49
127
99
40
61
2
4
4

1.3 Role of cellulose fibre in cementitious composites
Many studies in literature address the use of cellulose fibre in cementitious composites.
These studies reported that the inclusion of cellulose fibre in the cementitious composites
significantly eliminated plastic shrinkage cracking by bridging the cracks

[14–16].

Kawshima and Shah [17] found that cellulose fibres have internal curing capabilities that
enhances autogenous shrinkage. The study by Banthia et al. [18] showed that the addition
of cellulose fibres reduced the curl of flat slabs. Moreover, studies have found that cellulose
fibre is able to bind chlorides and prevent their ingress inside concrete, which prevents
corrosion of steel reinforcements [19].
The use of cellulose fibres in residential building applications has much potential due to
the available variety and renewability of cellulose fibres. Further, fibres obtained from
various plants exhibit different features that are suitable for uses other than construction
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[18,19].Reinforcing thin cement insulation products like ceilings, roofs, and walls with
natural fibres like coconut coir and oil palm was found to reduce bulk density and thermal
conductivity, which in turn lowered energy consumption costs [2,20]. Moreover,
Krucinska et al. [21] reported that the combination of cotton and cellulose fibres enhanced
the sound insulation of the composites.
Despite the aforementioned benefits of cellulosic fibres, two main drawbacks influence the
performance of cellulose fibre reinforced composites [22]. These drawbacks include
limitations in fibre amount and long-term durability of the fibres. The maximum short fibre
amount that can be added in cementitious composites is 10 wt%. Utilizing the Hatschek
process of production of cementitious composites containing a maximum fibre amount of
10 wt% insures good dispersion of the fibres. The use of pulp fibres at 6 to 8% usually
increases toughness but does not provide significant improvement in strength and modulus
[22–24]. Therefore, studies have recommended the use of fibrillated fibres (i.e. nanoscale)
to enhance the adherence capacity of the fibres without increasing fibre quantity. It is wellknown that decreasing the size of the fibres improves reinforcing capability. The use of
this type of fibres also provides higher dimensional stability as cellulose micro fibrils tend
to bond to each other, which results in reduced swelling [25]. Micro-fibrillated and nanofibrillated fibres are developed by subjecting the fibres to mechanical, chemical, and
enzymatic treatments [26,27].
The second drawback that influences the performance of fibre reinforced composites is
related to the durability of the fibres. Weakening of fibres in cementitious composites can
be caused by a combination of degradable factors such as the exposure to an alkaline
environment and precipitation of hydration products inside the fibre’s lumen.
8

Consequently, this weakening results in greater occurrence of fibre fracture rather than
fibre pullout, which decreases toughness and post-cracking strength [22,28,29].
Apart from the limitations of fibre amount and the durability of the fibres, few studies have
reported a delay in the hydration of cementitious mixtures because of the chemical
compositions and soluble sugars contained in the fibres [30–33]. This is another drawback
of using fibres in cementitious composites. Nonetheless, this problem can be eliminated by
fibre processing and by adding chemical accelerators to mixtures.
Studies have shown that the use of pulp fibres in cement composites increased flexural
strength and toughness when compared with composites reinforced with fibres in rope
(strand) form [34,35]. However, subjecting the pulp fibre cement composites to wet/dry
and freeze/thaw cycling resulted in a reduction in flexural strength after a few cycles. The
reduction in flexural strength is caused by the weakening of the fibres via alkali attack,
fibre mineralization due to migration of hydration products inside the fibre lumen, and
volume instability of the fibre due to its high water absorption [6]. Therefore, the use of
the cellulosic fibres in cementitious composites are restricted by its durability
characteristics.
In summary, the recent studies on cellulose fibre reinforced composites are focused on
enhancing the durability of the cementitious composites. From these studies, two main
recommendations for improving durability of the composites can be drawn: either modify
the fibre (i.e. mechanical pulping), and/or modify the matrix (i.e. cementitious minerals)
[4].
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1.4 Introduction to Engineered Cementitious Composites (ECC)
Engineered cementitious composites (ECC) is a type of high-performance fibre-reinforced
cementitious composites (HPFRCC) that is designed to create synergistic interactions
between the fibres, matrix, and fibre-matrix interface. This interaction improves postcracking strength and maximizes tensile ductility by creating multiple tiny microcracks.
The design of ECC is based on micromechanical principles that allows optimization of the
composites for high performance while minimizing the amount of reinforcing fibres,
typically less than 2% by volume [36,37]. Unlike ordinary cementitious materials, ECC
exhibits tensile strain-hardening behaviour after first cracking, similar to ductile metals,
and demonstrates a strain capacity of 300 to 500 times higher than normal concrete. The
cementitious matrix of the ECC is dense and pozzolanic. A typical ECC mixture consists
of very low water content which allows a strong fibre-matrix bond. Table 1.3 provides a
list of the major physical and mechanical properties of ECC.
ECC ductility and strength can be adjusted according to the demand of its application. The
research on ECC is expanding and the approaches to its development is evolving. ECC has
been successfully produced with local materials in Japan, Europe, Africa, Canada and
United states. Examples of various ECC types and their applications are as follows:
1. Self compacting ECC (SC-ECC): Used in on-site construction and designed for large
scale applications [38]
2. High early strength ECC (HES-ECC):Designed for structures that require high gain in
strength within a short period of time (i.e. transportation infrastructures) [39]
3. Light weight ECC (LW-ECC): Designed for infrastructures where the dead load should
be reduced [40]
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4. Green ECC (G-ECC): Designed to maximize infrastructure sustainability [41]
5. Self–healing ECC (SH-ECC): Designed to recover transport and mechanical properties
after suffering damage [41]
Table 1.3 Major physical and mechanical properties of ECC
Compressive Strength (MPa)
First Crack Strength (MPa)
Ultimate Tensile Strength (MPa)
Ultimate Tensile Strain (%)
Young’s Modulus (GPa?)
Flexural Strength (MPa)
Density (gm/cc)

20-95
3-7
4-12
1-8
18-34
10-30
0.95-2.3

1.5 Objectives
The experimental work in this research was carried out in two different phases. In Phase I
(Chapters 2 to 5), a comprehensive study was conducted to evaluate the performance of
two engineered cellulose pulp fibres. These fibres were mechanically modified fibres
(MMF) and chemically treated fibres (CTF). The MMF and CTF are unique pulp fibres
and proprietary to Domtar Inc. These fibres are not commercially available yet. Hence,
these fibres have not been used in any prior research. Modification of these fibres consisted
of highly refining followed by modification. Mechanical modifications improve the outer
surface of the fibres and chemical modifications alter the inner surface of the fibres. For
MMF, external modification was done to create numerous tiny fibrils on the outer surface
of the fibres. However, for CTF, chemical treatment created many tiny fibrils in the inner
surface of the fibres. The effect of these engineered pulp fibres on plastic shrinkage, drying
shrinkage, and microstructural and interfacial characteristics were studied. Moreover, the
effect of weathering exposures (dry-soak and freeze-thaw cycling) was examined and
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various permeability tests on the durability performance of the cementitious composites
were undertaken. This thesis also includes a study on the permeability characteristics of
pulp fibre reinforced concretes containing five different mineral admixtures.
Phase II (chapter 6) of this research dealt with a special type of cementitious composite
known as engineered cementitious composites (ECC). The ECC study aimed to investigate
and compare the influence of binary and ternary use of fly ash and slag on mechanical and
durability properties. The mechanical properties, permeability, drying shrinkage, and
expansion due to alkali-silica reaction (ASR) of ECC mixtures were assessed. The
mechanical properties that were examined are compressive strength, split-tensile strength,
direct tensile strength, and four-point bending strength. Permeability in terms of chloride
permeability, immersion absorption, and rate of absorption were investigated.
1.6 Guide to Thesis
This thesis is written in manuscript format and it is divided into seven chapters as follows:
Chapter 1 is a general introduction to the topic of the thesis. It discusses the advancements
in fibre reinforced cementitious composites.
Chapter 2 investigates the effect of three Kraft pulp fibres on free and restrained plastic
shrinkage of cementitious materials.
Chapter 3 is a study on the durability of cementitious materials reinforced with various
Kraft pulp fibres. The study compares the influence of these pulp fibres on the strength,
permeability, stability, and interfacial properties of the composites.
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Chapter 4 determines the effect of supplementary cementitious materials (SCM) on the
performance of pulp fibre reinforced concretes. The study also investigates the influence
of fibre content on the performance of the concretes.
Chapter 5 investigates the durability performance of Kraft pulp fibre reinforced composites
subjected to weathering actions. Microstructural observation was included in this study to
determine the damages in the fibre-matrix interfacial zones due to weathering.
Chapter 6 is a study on the mechanical and durability characteristics of engineered
cementitious composites (ECC) that contain fly ash and slag. The study investigates the
effect of partial and full replacement of slag minerals with fly ash minerals on the
mechanical and durability characteristics of the ECC.
Chapter 7 provides summary and conclusions, and recommendations for future work.
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CHAPTER 2
FREE AND RESTRAINED PLASTIC SHRINKAGE OF CEMENTITIOUS
MATERIALS MADE OF ENGINEERED KRAFT PULP FIBRES
2.1 Introduction
One of the well-known drawbacks of cementitious materials is its tendency to shrink,
which results in cracks when the material is restrained. This problem is more evident in
large concrete structures such as pavements, slabs, overlays, and walls. Plastic shrinkage
is a volumetric contraction of cement-based materials. Plastic shrinkage develops at an
early age when the concrete is still in its plastic state. At this stage, concrete does not have
the strength to carry any considerable load. The plastic shrinkage of concrete is a result of
a combination of autogenous mechanisms and capillary stresses that generate near the
surface of the concrete, in the pore structures [1,2]. Prior to drying, the particles of fresh
concrete are filled with water. When the water in the paste evaporates from the surface due
to high-temperature exposure, negative capillary pressure is developed, which reduces the
volume of the paste. The rise in capillary pressure, to a critical limit, inside the pores causes
the development of disconnected spots with voids in between [3]. Further, tensile stresses
develop if concrete is restrained, either internally (aggregates and rebar) or externally
(column and walls) [2]. Consequently, cracks on the surface of the concrete appear if the
tensile stresses exceed the actual tensile strength of the concrete, which is relatively low at
this stage. Nonetheless, these cracks allow the penetration of water, chlorides, and other
deleterious materials that can cause deterioration and damage to the structures such as rebar
corrosion, scaling of the overlays and surfaces, freezing-and-thawing damage, and debonding. Cracks due to shrinkage are generally dominant in structures that have a large
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surface area to volume ratio such as repair overlays, tunnel linings, and slab-on-grade.
Reports from different state departments of transportation (DOTs) in the United States
suggest that shrinkage is the main reason for early-age cracking [4-7]. Thus, controlling
shrinkage cracks should be a primary consideration for improving service life and
minimizing the cost for repair of infrastructures made of concrete.
Researchers have experimented many ways to control plastic shrinkage such as the use of
supplementary cementitious materials (SCM), chemical admixtures, and porous aggregates
[8-10]. One popular solution to this problem is the utilisation of natural fibres such as pulp
cellulose fibres [3, 11-15]. It is generally agreed that reinforcing cement composites with
cellulose fibres mitigates shrinkage cracking, reduces crack width, and minimizes
autogenous shrinkage. Moreover, fibres are capable of bridging cracks and enhancing
durability [14, 16]. Cellulose fibres are known for their high length-to-diameter ratio,
hydrophilic surfaces, and close spacing. The use of cellulose fibres in cementitious
materials provides a good balance of physical and mechanical characteristics [13,17,18].
Soroushian and Ravanbakhsh [3] reported that cellulose fibres were effective in controlling
cracks and reducing crack area in both conventional and high-performance concretes.
Another study by Jongvisuttisun and Kurtis [19] investigated the influence of hardwood
pulp fibres of about 0.7 mm length in mitigating shrinkage cracking. The study concluded
that the fibres can provide internal curing at an early-age. However, reported results might
not be valid for softwood fibres as their length is more than twice the length of hardwood
fibres. Nevertheless, data from the aforementioned studies [11,12,19] are based on the
results obtained using the test method specified in ASTM C1581 [20], where a steel ring
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is used as the restraint. This testing method has been criticized since it generates an
unrealistic stress field when testing repair overlays [2,16,21,22].
Previous studies focused on improving the performance of pulp fibre reinforced composites
by modifying the properties of the fibre prior to use in any application. These studies
suggested that the degradation of fibre reinforced composites can be mitigated through two
ways, either by modifying the fibre or by modifying the cement matrix [23-26]. Modifying
the fibres consist of chemical (i.e., fibre treatments) or physical (i.e., fibre fibrillation)
modifications [27,28]. These techniques have been effective in reducing the occurrence of
de-bonding between the fibres and the cement matrix and lowering moisture transfer
around and through the fibres during dry/wet cycles. Claramunt et al. [29] studied the effect
of hornificated kraft pulp fibres on the durability of cement mortar composites. The study
concluded that the horrification of the fibres enhanced the durability and improved the
mechanical performance of the composites. Untreated Kraft pulp, on the other hand,
facilitated degradation. Mohr et al. [25,26] evaluated the influence of different treatments
of softwood fibres on reducing composite degradations. These treatments included fibre
beating, initial drying age, bleaching, and pulp treatments (thermomechanical or kraft). The
study observed that the drying state did not affect the mechanical performance of
composites subjected to wet/dry cycling. This study concluded that after 25 wet/dry cycles,
composites made of thermomechanical pulp exhibited higher strength and toughness as
compared to those made of kraft pulp composites. Tonoli et al. [30] studied the effect of
the degree of refinement of sisal pulp on the mechanical performance of composites
subjected to accelerated wet-dry cycles. The results showed that composites reinforced
with higher refinement fibres performed better in wet-dry cycle durability than composites
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with medium refined and unrefined pulp fibres. The enhancement in performance of these
composites was attributed to the improved surface adhesion of the refined fibres to the
cement matrix [30]. In another study, Khorami and Ganjin [18] reported that refining the
fibres created micro fibrils on the outer surface of the pulp fibre. Moreover, scanning
electron microscope (SEM) observations showed a good bond between cement particles
and the uneven circumferential area of each fibril. However, the aforementioned studies
did not address the influence of fibre treatments and fibre modification on the behaviour of
plastic shrinkage.
To the best of authors' knowledge, no attention was given to the influence of highly refined
pulp fibres on plastic shrinkage performance of cementitious composite in open literature.
Furthermore, literature review found that there is a lack of knowledge about the free plastic
shrinkage behavior of pulp fibre reinforced cementitious materials. Previous studies
primarily focused on restrained shrinkage cracking of conventional cellulose fibres
(unmodified cellulose fibres). In the current study, a comprehensive experimental research
was conducted to determine the effect of two engineered Kraft pulp fibres on restrained
and free plastic shrinkage, and compressive strength of cementitious materials. These fibres
are mechanically modified fibres (MMF) and chemically treated fibres (CTF).
Modification of these fibres consisted of highly refining followed by modification. The
modification was done either mechanically to improve the outer surface of the fibres or
chemically which altered the inner surface of the fibres. External modification was done to
create numerous tiny fibrils on the outer surface of the fibres. However, chemical treatment
created many tiny fibrils in the inner surface of the fibres. These fibres are called
mechanically modified fibre (MMF) and chemically treated fibres (CTF), respectively.
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The performance of reinforced mixtures made of these two fibres were compared with a
mixture made of traditional and commercially available unmodified (UF) pulp fibre. The
MMF and CTF are proprietary fibres and to the best of the authors’ knowledge, they have
not been used in any previous studies in fibre reinforced cementitious materials
applications. From an economical aspect, production cost of these two engineered fibres is
about one-twentieth of the production cost of nano-cellulous fibres. The performance of
the fibre reinforced composites was assessed by determining the crack severity in
restrained specimens and by measuring the strain in the unrestrained specimens (free
plastic). The work was completed using the experimental method.
2.2 Experimental Program
2.2.1 Materials
General use limestone (GUL) cement conforming to Canadian standard, CSA A3001 [31],
and potable water were used in all mixtures. The chemical composition and physical
properties of the cement as provided by the manufacturer are listed in Table 2.1.
Table 2.1 Chemical composition and physical properties of the cement
Chemical analysis [%]
CaO
Free CaO
SiO2
Al2O3
Fe2O3
MgO
SO3
K2 O
Na2O
TiO2
Loss of ignition
Specific gravity
Blaine Fineness (m2/kg)
Limestone (%)

GUL cement
62.30
1.50
18.2
4.50
2.76
3.10
3.47
0.45
0.22
0.21
4.80
3.15
488
9.50
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Fine aggregates (sand) and commercially available coarse aggregates (gravel) with a
maximum size of 5 mm and 19 mm, respectively and conforming to ASTM C33 [32] were
used. The fineness modulus and specific gravity of the sand were 2.63 and 2.51,
respectively. The coarse aggregates had a specific gravity of 2.55. A high range waterreducing admixture Type A&F as recommended in ASTM C494 [33] was utilized to
achieve the desired workability when needed.
Three fully bleached Kraft pulp fibres were used in this study. Figure 2.1 presents the
microscopic images showing the shape of these fibres at x500 magnification. These are
unmodified fibre (UF), mechanically modified fibre (MMF), and chemically treated fibre
(CTF). The UF has a length shorter than MMF and CTF and both softwood fibres (MMF
and CTF) are engineered to have increased fibrils count (Figure 2.1) that have increased
surface area. In turn, the modified softwood fibres outperform the effect of unmodified
softwood fibres. The details of modifications and chemical treatments of the engineered
fibres are not available since Domtar Inc. did not disclose these information. The UF was
supplied in the form of dry sheets. Hence, these dry sheets of UF were soaked in water for
24 hours. Then, these wet sheets were blended before adding into the mixtures. The water
amount was carefully proportioned to match that of MMF and CTF. MMF and CTF fibres
were delivered in a moist condition. The amount of liquid in the MMF and CTF fibres was
about 90%. The MMF had numerous amounts of very tiny, long, and hairy shaped fibrils
split up from the fibre outer surface (Figure 2.2). The average fibre lengths are 0.8, 1.8,
and 2.1 mm for UF, MMF and CTF, respectively. These fibres have an average diameter
(or width) of 18 µm, a density of 0.493, 0.746, 0.511 gm/cc for UF, MMF and CTF,
respectively, and a negligible lignin content.
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(a) UF

(b) MMF

(c) CTF

Figure 2.1 Scanning electron microscope images of the fibres at (x500)

Figure 2.2 Fibrils in MMF(x1000) [34]

2.2.2 Mixture Proportioning and Mixing Procedure
Five different group of mixtures with two different water-cement ratios (0.5 and 0.35) were
used in this study. Table 2.2 presents the details of the mixture groups’ proportions and the
description of each mix. All the mixtures except one (Mixture C in Table 2.2) were made
of cement mortars with different cement-to-sand ratios. The various groups seen in Table
2.2 were chosen to determine the plastic shrinkage performance of fibre-reinforced
composites made of Kraft pulp fibres. Similar proportions were used by other researchers
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[2,19,35,36]. A water-cement ratio of 0.5 was chosen to produce a high flow mixture. This
group of mixtures (M1) enhances cracking and generates high shrinkage strain that makes
the measure of fibre usefulness easier. The water-cement ratio was reduced from 0.5 to
0.35 in group mixtures M3 and M4 to develop mixtures that are more suitable for the field
applications. However, it is essential to know that the reduction in the water-cement ratio
produces less workable mixtures, which required the use of superplasticizers. In Table 2.2,
the superplasticizer amount is listed as “varied” which refers to the fact that increasing
amount of superplasticizer was needed to achieve equivalent flow when the fibre content
was increased. Table A.1 (in Appendix A) lists the flow values of mortar mixture M1. In
this table, “RS” refers to restrained shrinkage test, while “FS” refers to free shrinkage test.
As shown in Table 2.2, the group of mixtures M1, M2, and M3 were experimented for
restrained shrinkage and group mixtures M3, M4, and C were experimented for freeshrinkage. A group of concrete mixtures (C in Table 2.2) with cement: sand: gravel
proportions of 1:2:2 and water-cement ratio of 0.5 was included in the test matrix to
evaluate the shrinkage behavior of concrete used in field applications. Such type of
concrete is typically used for overlays and flooring applications that has a strength of about
25 to 35 MPa. Three different fibre contents were used for each fibre type (0.5, 1, and 2 %
by weight of cement) as presented in Table 2.3. The fibre content was selected based on
previous researchers’ studies and previous laboratory experience. The mixture IDs were
chosen according to the fibre type and fibre content (see Table 2.3). For example, mixture
MMF-01 in group mixture M1 refers to a cement mortar mixture having cement-sand ratio
of 1 to 2 and included 1% mechanically modified fibre (MMF) by mass of cement. The
control mixture had no fibres in it.
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Table 2.2 Group mixture proportions by mass
Group ID

Mixture Type
(cement:sand:gravel)

Water-cement
ratio

Plasticizer

Mixture Description

Test Type

Fibre Type

M1

Mortar (1:2:0)

0.5

N/A

High flow

RS*

UF,MMF,CTF

M2

Mortar (1:1:0)

0.5

N/A

Reduced fine aggregate

RS

UF,MMF,CTF

M3

Mortar (1:1:0)

0.35

Varied

Decreased water content

RS, FS**

UF,MMF,CTF

M4

Mortar (1:2:0)

0.35

Varied

Decreased water content

FS

MMF

C

Concrete (1:2:2)

0.5

N/A

Coarse aggregate added

FS

MMF

*RS refers to restrained shrinkage

**FS refers to free shrinkage
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Table 2.3 Test matrix and fibre contents
Mixture ID

Control
Mixture
UF-0.5
UF-01
UF-02
MMF-0.5
MMF-01
MMF-02
CTF-0.5
CTF-01
CTF-02

Fibre Content
(Percent of cement
mass)
0
0.5
1.0
2.0
0.5
1.0
2.0
0.5
1.0
2.0

Fibre Content
(Percent
Volume)
0
0.49
0.98
1.97
0.33
0.65
1.30
0.48
0.95
1.90

Type of cellulose fibre

No fibre added
Fully bleached cellulose pulp
unmodified fibre (UF)
Mechanically modified fibre
(MMF)
Chemically treated fibre
(CTF)

A high-speed laboratory pan mixer (2100 rpm) was used in order to ensure proper mixing
and dispersion of the fibres in the mixture. First, the water (and plasticizer if required) and
fibres were mixed together in a food blender for two minutes to overcome any possible
clumping or balling of the fibres and to ensure better separation of the fibres in the water.
Then, the cement and sand were added to the mixing pan and mixed dry for one minute.
After the mixture of cement and aggregates was well combined, the preconditioned fibres
with water were added slowly. The mix was continued for three more minutes and then left
to rest for two minutes. Finally, the mixture was mixed for an additional two minutes to
complete the mixing sequence. ASTM standard C1437 [37] was followed to measure the
flow of the mortar mixtures.
2.2.3 Environmental Test Chamber
Restrained and free plastic shrinkage tests were performed in an environmental chamber.
The environmental chamber used in the current study was similar to the one used by
Branston et al. [2]. The environmental chamber used in the current study is able to maintain
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the required temperature of 45℃ (±2℃) and relative humidity of 15% (±2%). The
controller attached to the chamber is able to measure the temperature and relative humidity
with an accuracy of ±1.5℃ and ±2%, respectively. The resulting evaporation rate was
approximately 1 kg/m2/h. Figure 2.3 shows the schematic of the environmental testing
chamber used in this study.

Figure 2.3 Environmental test chamber

2.2.4 Mortar Flow
The flow was maintained within the range of 80% to 110% to ensure similar flow for all
mortar mixtures. The flow test was performed for each mixture before casting the specimen
[37]. The addition of MMF, UF, and CTF fibres to the control mixtures had a significant
effect in reducing the flow of the mortar, especially for mixtures with the low water-cement
ratio (M3 and M4). Thus, the increase in the fibre content required addition of larger
amounts of plasticizer. However, all mixtures with fibres were consistent and no visible
water bleeding was observed.
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2.2.5 Restrained Shrinkage Testing
The restrained shrinkage test setup used in this study is similar to the one used by Banthia
and Gupta [13] and Banthia et al. [21] with slight modifications in the dimensions. The
length of the restraint element was increased from 300 mm to 550 mm (Figure 2.4a). In
addition, the overlay thickness was reduced from 60 mm to 25 mm to simulate a typical
concrete overlay. The restraint element was made of a high strength concrete that had a 28day compressive strength of about 60 MPa. The test procedure consisted of placing a layer
of mortar over the restraint element and leaving it in the environmental chamber for a total
of four hours. After one hour and thirty minutes of testing, the forms were stripped off from
the specimens to increase the surface area of the mortar overlay exposed to the set
environmental conditions. Consequently, the crack formation intensified. After four hours,
the specimens were removed from the chamber and the crack widths were measured using
a 240x magnification digital microscope. The largest crack width and the total crack area
were measured. Cracks due to plastic shrinkage usually form across the shorter edge of the
overlays. For each crack, a digital microscope was used to measure the width. The average
crack width was determined based on measurements taken at 9 locations along the length
of the crack. The average width and length of the crack was multiplied by the specimen
width to obtain the area of each crack. The total area reported in this study is the summation
of all crack areas. Figure 2.4b shows an example of the crack development in the overlay
layer after four hours. It is worth noting that the crack depth was not measured in this study.
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( a) High strength concrete base (restraint)

(b) Crack development in the overlay surface
Figure 2.4 Testing of restrained shrinkage

2.2.6 Free Shrinkage Testing
Free plastic shrinkage tests were conducted using methods previously adopted by other
researchers [2, 35, 38], with several modifications to the dimensions. Mortar and concrete
mixtures were cast in wooden molds. Each mold was 500 mm long and had a crosssectional area of 80 mm x 50 mm. A thick polypropylene sheet was placed on the inner
surface of the mold. Next, a thin layer of Teflon spray was sprayed on the sheet to minimize
friction. Then, a Teflon plate with a 9.5 mm diameter bolt thread was placed at one end of
the mold. This plate was allowed to move freely. The bolt was bonded with the concrete
and when shrinkage occurred, the plate would move linearly toward the contraction
direction. One linear variable differential transformer (LVDT) was utilized to measure the
linear movement of the Teflon plate for each specimen. The LVDT had a gauge length of
5 mm and an accuracy of ± 5µm. A 20 mm thick foam was placed behind the Teflon plate
to provide sufficient space for thermal expansion, if any. Immediately after casting, the
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fresh concrete specimens were put in the environmental testing chamber for four hours.
Figure 2.5 shows the schematic of the test setup.

Figure 2.5 Illustration of free shrinkage test setup

2.2.7 Compressive Strength
ASTM C109 [39] was followed to assess the compressive strength of each concrete
mixture. The average strength of five 50 mm cubic specimens at 28 days was determined.
The specimens were first submerged in lime water and then were removed from water to
be air dried prior to testing.
2.3 Results and Discussions
2.3.1 Restrained Shrinkage
Three identical specimens for each mixture were tested for restrained shrinkage and the
average value was used for determining the shrinkage properties. It was found that the
restrained shrinkage cracking area and the crack width reduced significantly as the fibre
content increased. Between the engineered fibres, MMF performed better. About 2%
content CTF was needed to completely eliminate restrained plastic shrinkage cracks.
However, only about 1% MMF is needed for complete elimination of cracks. MMF has
numerous tiny micro-scaled fibrils around the outer surface of the MMF (Figure 2.2),
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which in turn increased the surface area and contributed in dispersing the fibre in a much
greater area. A typical appearance of the MMF fibre-reinforced specimens of mixture M1
after four hours of testing is presented in Figure 2.6. Specifically, Figure 2.6 compares the
results of an unreinforced (control) specimen and M1 specimens at two different fibre
contents. The effect of the fibre content and fibre type on the cracking area and crack width
for mixture M1 are depicted in Figures 2.7 and 2.8, respectively.

0%

0.5%

1%

Figure 2.6 Reduction in crack area with increasing fibre content for mixture M1
(MMF)
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Figure 2.7 Effect of fibre content and fibre type on cracking area for mixture M1

Largest Crack Width (mm)

2.0

1.6
UF
MMF

1.2

CTF
0.8

0.4

0.0

0

0.5

1

1.5

2

Fiber Content (% by the weight of cement)

Figure 2.8 Effect of fibre content and fibre type on crack width for mixture M1
The cement content was increased in mixture M2 by reducing the aggregate content by half
(Table 2.2). This resulted in a higher shrinkage strain and thus, it increased the severity of
cracking. Figure 2.9 presents the effect of the three different fibres (UF, MMF, CTF) on
shrinkage-induced cracking area, while Figure 2.10 shows maximum crack width in a
mixture with higher cement content (Mixture M2). These figures show that both engineered
fibres helped in reducing the crack in mixture M2. However, MMF provided the most
beneficial effect. Inclusion of the other two fibres (CTF and UF) in the matrices (Mixture
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M2) was less effective since these two fibres needed higher fibre content as compared to
MMF.
It is interesting to note that the behavior of all mixtures reinforced with these three fibres
showed a similar trend in both mixtures (M1 and M2) despite the fact that the cement
content was higher in mixture M2. The better performance of MMF among all the three
fibre types is believed to be due to the presence of numerous tiny micro-scaled fibrils
around the outer surface of the MMF (Figure 2.2), which in turn increased the surface area
and contributed in dispersing the fibre in a much greater area. This restricted the crack
development and increased the possibility of bridging the cracks as shown in Figure 2.11.
Khorami and Ganjian [18] also reported that fibrils around the fibre are effective in
improving the bond between the fibre and the matrix of cementitious materials.
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Figure 2.9 Effect of fibre content and fibre type on cracking area for mixture M2
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Figure 2.10 Effect of fibre content and fibre type on the crack width for mixture M2

(b) MMF-0.5 (x50)

(a) Mixture Control- M2 (x50)

Figure 2.11 Crack development: (a) without fibres and (b) with fibres

Mixture M3 was used to determine the effectiveness of these fibres when the water-cement
ratio is reduced, which resulted in increased total crack area. Figures 2.12 and 2.13 show
the shrinkage cracking area and shrinkage crack width, respectively for mixtures M3. The
effect of the three fibres on restrained shrinkage was more significant in this mixture. The
most interesting observation is that both the mechanically modified (MMF) and chemically
treated fibres (CTF) were able to restrict the initiation of cracks when only 1% fibre was
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added. However, a much higher content of unmodified fibre (UF) was required to achieve
the crack-free surface. The performance of unmodified fibres (UF) found in the current
study is similar to the findings reported by Banthia and Gupta [17].
Restrained shrinkage test on the concrete mixture (C) was not conducted as the overlay
thickness (25 mm) was restrictive and could not accommodate the coarse aggregate size
used. However, previous studies on concrete overlays reinforced with various other
cellulose fibres reported significant improvement in terms of reduction of cracking area
and crack width [3,13,14,16]. These studies used thicker overlays.
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Figure 2.12 Effect of fibre content and fibre type on cracking area for mixture M3
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Figure 2.13 Effect of fibre content and fibre type on crack width for mixture M3

2.3.2 Free Plastic Shrinkage
Free plastic shrinkage tests were conducted on mixtures M3, M4, and C (Table 2.2). The
test results for the free plastic shrinkage of fibre-reinforced composites showed that the
shrinkage accelerated between 90 minutes to 150 minutes of testing. After about 150 to
200 minutes, the shrinkage strain began to stabilize. A similar trend was reported by Toledo
Filho et al. [23] and Branston et al. [2]. However, these studies used sisal and basalt fibres,
respectively. The current study found that fibre content higher than 1% delayed the
initiation of shrinkage until after 150 minutes. Figure 2.14 demonstrates the shrinkage
strain profile measured over the period of four hours at five-minute intervals for mixtures
M3.
In general, the shrinkage strain in all mixtures reinforced with fibres were reduced,
regardless of the type of fibre used. This is due to the frictional force induced in the fibrecement interface, which restrains the movement of cement [40]. As the fibre content
increased, the shrinkage strain reduced for mixtures incorporated with MMF. However,
this trend was not observed for mixtures reinforced with UF and CTF. The average free
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shrinkage strains after four hours for mixture M3 reinforced with UF, MMF, and CTF are
depicted in Figure 2.15. The error bars represent one standard deviation on either side of
the average. As obvious from Figure 2.15, the shrinkage strain remained almost unchanged
when content of CTF increased from 0.5% to 1 % in mixture M3 (CTF-0.5 and CTF-01).
However, increasing UF content from 0.5% to 1% raised the shrinkage strain for UF-0.5
and UF-01 mixtures. The need for higher amounts of superplasticizer, to achieve the
desired flow and workability of low water-cement ratio mixtures, seemed to be the cause
of this trend. It seems that increased amount of superplasticizer reversed the benefit
(reduction in the shrinkage strain) by decreasing the frictional effects of the fibres.
It was found that the mechanically modified fibre (MMF) resulted in the highest reduction
in free shrinkage. Hence, the effect of MMF was investigated in mortar mixture (M4) and
in concrete mixture (C). These two mixtures are more applicable to field construction. An
increase in fine aggregate content from 1:1 (mixture M3) to 1:2 (mixture M4) while
keeping the same water-cement ratio of 0.35 led to a significant reduction in the shrinkage
strain (Figure 2.16). For example, the shrinkage strain in control mixtures (M3 and M4)
reduced by 37% (from 4742 microstrain to 2973 microstrain), while shrinkage strain for
reinforced mixtures MMF-01 (M3 and M4) dropped by about 21% (from 2727 microstrain
to 2164 microstrain). Similar observations were reported by Branston etl. [2] for their study
on the plastic shrinkage behaviour of basalt containing cementitious materials. Figures 2.16
and 17 present all the shrinkage test data for mixtures M3, M4, and C. In these figures, the
error bars represent one standard deviation on either side of the average. It can be observed
that the inclusion of coarse aggregates (mixture C) dropped the shrinkage strain to 1943
micro-strains as compare to the control mixture (M3) which had the shrinkage strain of
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4750 micro-strain. Hence, this study found that the most benefit in free plastic shrinkage
reduction could be obtained by either incorporating MMF or incorporating higher amounts
of aggregates.
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Figure 2.14 Free plastic shrinkage behavior in mixture M3
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Figure 2.15 Free shrinkage strain after four hours for mixture M3

5000

Shrinkage (microstrain)

Shrinkage (Microstrain)

5000

Mixture-M3
Mixture-M4

4000

3000

2000

1000

0
Control

MMF-0.5

MMF-01

MMF-02

Mixture ID

Figure 2.16 Comparison of free shrinkage strain between mixtures M3 and M4
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Figure 2.17 Shrinkage strain for MMF fibres in concrete mixture C

2.3.3 Compressive Strength
The variation in average compressive strength of mortar cubes with different fibre types
and fibre contents is presented in Figure 2.18. The 28-day compressive strength of
unreinforced mortars (Control-PC) in mixtures M1, M2, M3, and M4, were 67.1, 63.3,
92.2, and 79.8 MPa, respectively. As shown in Figure 2.18, reducing the water-cement
ratio from 0.5 to 0.35 increased the compressive strength significantly. Thus, the
compressive strength of unreinforced mortars (Control-PC) increased by 19.1 % and 45.6
% for mixtures M1 and M2 as compare to M4 and M3, respectively.
In general, the addition of fibre reduced the compressive strength for all mixtures,
regardless of the fibre content (0.5, 01, or 02) or fibre type. Previous studies also indicated
similar negative effects for cementitious materials reinforced with other natural fibres of
less than 2 mm lengths [34, 41, 42]. Bentchikou et al. [38] explained that increasing fibre
content creates more voids which weakens the compressive strength of the composite. The
reduction in compressive strength is also attributed to the congestion or balling of the fibres
which weaken the bond between the fibres and the matrix. Khedari et al. [41] related the
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reduction in compressive strength of fibre reinforced cementitious materials to the low
density of the specimens. Hence, specimens containing flexible fibres such as the cellulose
fibre used in this study is expected to have a lower density as compared to an unreinforced
specimen. This is due to the fact that these fibres induce more voids, which reduces the
mass of the material [43].
It is worth mentioning that increasing the fibre content for mixtures with pulp fibres (UF,
MMF, and CTF) from 0.5% to 2% results in a slight decrease in compressive strength for
all mixture proportions (M1, M2, M3, and M4). For equivalent fibre replacement, cement
mortars reinforced with both modified fibres (MMF and CTF) had higher compressive
strength than mortars reinforced with UF. Between the two modified fibres used,
specimens made of MMF had slightly higher compressive strength than specimens made
of CTF at 28 days, as presented in Figure 2.18. Hence, the current study shows that
mechanically modified fibres (MMF) provide better bonding ability and enhances the load
transfers within the mortar microstructure when subjected to axial loading as compare to
other two fibres (UF and CTF). Further, this study found that adding any of the three pulp
fibres (UF, MMF, and CTF) results in a reduction in the compressive strength of the
mixture; however, the reduction in the strength is not alarming. As evident from Figure
2.18, mortars reinforced with unmodified fibres UF (M1) had the lowest compressive
strength among all other mixtures (M2, M3, or M4), regardless of the fibre type and fibre
content.
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Figure 2.18 Compressive strength of mortar mixtures at 28 days
2.4 Conclusions
The conclusions presented in this paper are based on the types of fibre, concrete, and mortar
mixtures used in this study. The conclusions may be limited to the scope of work completed
in this study. The study incorporated two engineered and two engineered pulp fibres,
namely mechanically modified fibre (MMF) and chemically treated fibre (CTF), in
addition to the traditional and unmodified Kraft fibre (UF). MMF was found to be the most
beneficial and effective fibre in controlling shrinkage and cracking. A summary of the main
findings of this research are as follows.
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•

In general, adding any type of pulp fibres reduced the plastic shrinkage as compare
to the control mixture (unreinforced). However, both engineered pulp fibres (MMF
and CTF) used in this study were effective in reducing and even eliminating plastic
shrinkage induced cracks. Performance of mixtures made of these two fibres was
better than mixtures made of UF. Between the two engineered fibres, MMF was
found to be the most effective since it needed the least fibre content to achieve a
crack-free surface. The tiny micro-scaled fibrils on the outer surface of MMF is the
reason why this fibre produced the best performance in reducing shrinkage cracks.

•

The crack width and crack area reduced as the fibre content increased. This trend
was found in all the mortar mixtures and for all the fibre types. However, the best
performance was observed from the mixture made of MMF.

•

In general, the addition of both engineered fibres reduced free plastic shrinkage
strain in all three mixtures reinforced with fibres (M3, M4, and C). Shrinkage strain
reduced as the amount of MMF increased and the trend was clear. However, no
specific trend between the fibre content and the shrinkage strain was observed for
mixtures that incorporated CTF.

•

Adding pulp fibre decreased the compressive strength when compared to
unreinforced mortars, regardless of the fibre type and fibre amount. This reduction
slightly increased with increasing fibre amount. At equivalent fibre reinforcement,
specimens with MMF showed higher strengths than those made of CTF and UF.
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CHAPTER 3
DURABILITY OF CEMENTITIOUS MATERIALS REINFORCED WITH
VARIOUS KRAFT PULP FIBRES
3.1 Introduction
The research on the application of environmentally friendly materials in construction has
been increasing. Special attention has been given on the use of fibres originating from
renewable vegetable sources such as cellulose pulp fibres [1–4]. These fibres are green
alternatives to conventional synthetic and other petrochemical based fibres [1]. Cellulose
fibres are promising reinforcing materials because of their availability, renewability,
recyclability, and nonhazardous nature [5]. Reinforcing brittle cementitious materials with
cellulose fibres successfully improve post-cracking mechanical behaviour of composites.
The applications of composites reinforced with cellulose fibres mainly includes board or
thin materials, such as wall panelling, roofing sheet elements, and substrates for tiles [6,7].
Ranachowski and Schabowics [8] addressed the usage of composites containing cellulose
reinforcements that can be used as facade concrete panels. Moreover, many studies can be
found in the literatures stating the potential use of cellulose fibre in cement composites.
These studies reported that the inclusion of cellulose fibre in the cement-based composites
significantly eliminated the plastic shrinkage cracking by bridging the cracks, and reduced
autogenous shrinkage [9–12]. Banthia et al. [13] showed that the addition of cellulose
fibres reduced the curl of flat slabs. Moreover, cellulose fibre was found to be able to bind
the chlorides and prevent their ingress inside the concrete, which result in protecting the
steel reinforcements from corrosion [14]. Nonetheless, most researchers agree that several
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factors related to the durability characteristics of the fibre reinforced composites can
restrict its usage in construction applications.
One of the well-known problems of concrete is the degradation caused by the penetration
of deleterious substances into the concretes by transport and diffusion [15,16]. The
inclusion of cellulose fibre is expected to potentially mitigate the damages such as
corrosion and spalling in the cementitious materials through enhancing the microstructural
permeable pores caused by the ingress of water and chlorides. Banthia et al. [17] studied
the effect of addition of cellulose fibre at 0.1% and 0.3% by volume on the pore volume of
cement pastes. Cryoporometry and Mercury intrusion porosimetry observations revealed
that the increase of cellulose fibre content in cement paste decreases the sized pores from
60-80 nm to 5-6 nm. The study concluded that the use of cellulose fibre would likely reduce
the penetration of deleterious materials into cementitious materials because the large pores
are refined and redistributed into very fine pores.
The existing literatures, with regard to cellulose fibre-reinforced materials, primarily
focused on the durability characteristics of the cellulose fibre itself when subjected to
different weathering and exposure conditions [18–22]. However, there is a gap in the
literature on the understanding of the durability of concretes reinforced with such fibres.
Nonetheless, literature review found one study completed by the University of Florida [23]
on the durability and permeability of concretes reinforced with cellulose fibre. The fibre
used in that study was a commercially available cellulose fibre (unmodified) that had a
length of 2.1 mm and aspect ratio of 117. The study showed that the addition of cellulose
fibres enhanced the properties of the concrete in terms of permeable pore percent, surface
resistivity, permeability coefficients, splitting tensile strength, and compressive strength.
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However, no reduction was observed in the initial and secondary absorption rate of
concretes. Bhargava and Banthia [16] also studied the permeability of concretes reinforced
with 2.3 mm long virgin softwood fibres. The study concluded that the permeability of
unstressed reinforced concrete reduces, and the reduction increases as the fibre content
increases.
Drying shrinkage is also an essential measure of concrete durability as it affects its quality
and integrity. It is well understood that the cellulose fibre is effective in eliminating the
plastic shrinkage cracking by bridging the cracks [10,11]. However, limited work has been
done to study the behavior of cellulose fibre on free drying shrinkage. Kawashima and
Shah [12] studied the effect of speciality virgin cellulose fibres of 2.1 mm length and 16
µm diameter on autogenous and drying shrinkage. Another work by Sarigaphuti et al. [24]
investigated the influence of different types of softwood and hardwood cellulose fibres on
drying shrinkage using prism and ring samples of concretes. This study found that the
addition of fibres as a reinforcement has no significant effect on the free drying shrinkage.
However, the results from these studies are not conclusive regarding the effect of these
fibres on shrinkage strain because the rigidity of aggregates would provide volume stability
that diminish the influence of the fibres [25,26].
In the current study, an experimental program was carefully designed and executed to
determine the effect of two specially designed Kraft pulp fibres. These fibres are
mechanically modified fibres (MMF) and chemically treated fibres (CTF). Modification of
these fibres consisted of high refining followed by modification. The modification was
done either mechanically to improve the outer surface of the fibres or chemically which
altered the inner surface of the fibres. External modification was done to create numerous
54

tiny fibrils on the outer surface of the fibres while, chemical treatment created many tiny
fibrils in the inner surface of the fibres. These fibres are called mechanically modified fibre
(MMF) and chemically treated fibres (CTF), respectively. The performance of reinforced
mixtures made of these two fibres were compared with a mixture made of traditional and
commercially available unmodified (UF) pulp fibre. The MMF and CTF are proprietary to
Domtar Inc. and to the best of the authors’ knowledge, they have not been used in any
previous studies in fibre reinforced cement composites applications. Production cost of
these two engineered fibres is about one twentieth of production cost of nano-cellulous
fibres. The strength, durability, interfacial characteristics, and drying shrinkage of fibrereinforced materials (concretes and mortars) were assessed for compressive strength,
chloride permeability, immersion absorption, rate of absorption, and scanning electron
microscopy (SEM). Further, the drying shrinkage and weight loss were determined for a
period of eight weeks.
3.2 Experimental program
3.2.1 Materials
Three different Kraft pulp fibres were used in this study. The fibres are UF, which is also
known as Southern Bleached Hardwood Kraft (SBHK) while the other two were modified
softwood fibres and these are MMF and CTF. The UF was supplied in the form of dry
sheets. These dry sheets of UF were chopped into smaller pieces and immersed in water
for 24 hours. The wet pieces were sufficiently blended before adding to the mixtures.
However, the MMF and CTF fibres were delivered in wet condition. Both MMF and CTF
fibres had liquid content of about 90%. The average fibre lengths are 0.8, 1.8, and 2.1 mm
for UF, MMF and CTF, respectively. These fibres have an average diameter (or width) of
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18 µm, a density of 0.493, 0.746, 0.511 gm/cc for UF, MMF and CTF, respectively, and a
negligible lignin content.
Scanning Electron Microscopy (SEM) images of the Kraft pulp fibres are shown in Figures
3.1a-c. As can be observed from these figures, these fibres have very different
morphologies because two of them are strategically modified by mechanical modification
(MMF) and chemical treatment (CTF). The UF are coarser in shape and some of the fibres
have perforations in the longitudinal section (Figure 3.1a). MMF have numerous amounts
of very tiny, long, and hairy shaped fibrils split up from the fibre outer surface (Figure 3.2).
CTF fibres are narrower and flatter in cross section than UF and this fibre (CTF) has a few
fibrils on the outer side of the fibre as the chemical treatment aimed to alter the inner
surface of the softwood fibres (Figure 3.1c).

(a) UF

(b) MMF

Figure 3.1 SEM images of the fibres at x500
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(c) CTF

Figure 3.2 Fibrils in MMF

The cement used in this study was general use limestone (GUL) conforming to Canadian
standard, CSA A3001 [27]. The chemical composition and physical properties of the
cement are presented in Table 3.1. The sand (fine aggregates) and gravel (coarse
aggregates) used in this study conformed to the requirements of ASTM C33 [28] and had
a maximum particle size of 5 mm and 19 mm, respectively. Moreover, the sand had a
specific gravity and fineness modulus of 2.51 and 2.63, respectively. The specific gravity
of the coarse aggregates was 2.55. A high range water reducing admixture (HRWRA) type
A&F, as recommended in ASTM C494 [29], was utilized to achieve desired workability.
Table 3.1 Chemical composition and physical properties of cement
Chemical analysis [%]
CaO
Free CaO
SiO2
Al2O3
Fe2O3
MgO
SO3
K2O
Na2O
TiO2
Loss of ignition
Specific gravity
Blaine Fineness (m2/kg)
Limestone (%)
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GUL cement
62.3
1.5
18.2
4.5
2.76
3.1
3.47
0.45
0.22
0.21
4.8
3.15
488
9.5

3.2.2 Mixture proportioning and casting
The mixtures used in this research were made in two different phases. Phase I investigated
the strength and durability characteristics of fibre-reinforced concretes. For this phase, four
concrete mixtures were proportioned having water-to-cement ratio of 0.35 and total cement
content of 485 kg/m3. The control mixture was designed for the 28-day compressive
strength of 40 MPa and this mixture had no fibre in it. The remaining mixtures were
reinforced with Kraft pulp fibres (UF or MMF or CTF). The amount of fibre added was
2% of the cement weight. Similar fibre content were used by other researchers in their
study of fibre cementitious materials [30–32]. Fibre content over 2% significantly reduced
the workability of the concrete mixtures. Superplasticizer (HRWRA) was added to achieve
required workability and slump ranging from 70 mm to 100 mm. For each concrete
mixture, eight Ø100 × 200 mm cylindrical specimens were cast and compacted using a
vibrating table. The specimens were demolded after 24 hours and kept in limewater for
curing until the time of testing. Details of the concrete proportions are listed in Table 3.2.
Table 3.3 presents the test matrix and type of fibre used in the mixtures. The mixtures are
designated to reflect the material type, fibre type, and fibre content. For example, mixture
C-UF-02 refers to a concrete mixture that included 2% fibre by mass (0.63 % by volume)
of cement of unmodified cellulose pulp fibre (UF).
Table 3.2 Concrete proportions per cubic meter
Ingredient
Cement
Water
Coarse aggregates
Fine aggregates

Weight (kg)
485
170
935
759
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Phase II consisted of ten mortar mixtures that have water-to-cement ratio of 0.5 and sandto-cement ratio of 1:1. The control mixture had no fibre in it while the remaining mixtures
were reinforced with three different Kraft pulp fibres (UF or MMF or CTF). The fibre
amount was 0.5, 1.0, and 2.0% by (weight of cement) for each fibre type as can be seen in
Table 3.3. The mortar flow was maintained within the range of 80% to 110%. These
mixtures were prepared to determine the drying shrinkage and weight loss. Four prisms
(25×25×285 mm) were cast for each mortar mixture and samples were demolded after 24
hours. It should be noted that the mortar mixtures were used in phase II to eliminate the
effect of coarse aggregate (gravel) on the volume stability of the composites. The rigidity
of aggregates provides volume stability and thus, the influence of the fibres on the
shrinkage strains is diminished [25,26].
The mixing procedure for the concrete and mortar mixtures followed several steps. First,
the fibres and water (and plasticizer if required) were put together and mixed using a food
blender for two minutes. This step is important to reduce the clumping and balling of the
fibres, and to provide better dispersion of the fibres in water. Next, the cement and sand
(and gravel for concrete mixtures) were dry mixed for one minute in a high-speed
laboratory pan mixer (2100 rpm). After proper mixing and homogenizing the mixture of
cement and aggregates, the preconditioned fibres with water were added slowly while the
mixing was continued for three minutes and then left to rest for two minutes. Additional
two minutes of mixing was provided to complete the mixing sequence. Fresh concretes and
mortars were tested for slump and mortar flow according to ASTM C143 [33] and ASTM
C1437 [34], respectively. Table A.2 (in Appendix A) lists the slump values of different
concrete mixtures.
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Table 3.3 Test matrix and details of concrete and mortar mixtures
Composite
Type

Fibre Mixture ID

Concrete
(Phase I)

C-Control
C-UF-02
C-MMF-02
C-CTF-02
M-Control
M-UF-0.5
M-UF-01
M-UF-02
M-MMF-0.5
M-MMF-01
M-MMF-02
M-CTF-0.5
M-CTF-01
M-CTF-02

Mortar
(Phase II)

Fibre Content
(% of cement
mass)
0
2
2
2
0
0.5
1
2
0.5
1
2
0.5
1
2

Fibre Content
(% volume)

Type of cellulose fibre

0
0.63
0.63
0.63
0
0.16
0.31
0.63
0.16
0.31
0.63
0.16
0.31
0.63

No fibre added
Fully bleached cellulose pulp unmodified fibre (UF)
Mechanically modified fibre (MMF)
Chemically treated fibre (CTF)
No fibre added
Fully bleached cellulose pulp unmodified fibre (UF)

Mechanically modified fibre (MMF)

Chemically treated fibre (CTF)
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3.2.3 Testing procedure
A comprehensive experimental program was designed to determine the compressive
strength and durability of the concretes. In addition, mortar prisms were cast to monitor the
drying shrinkage strain and weight loss over a period of eight weeks. The microstructural
study was conducted on fibre-reinforced mortars at the age of 7 days (air curing in room
temperature) and 90 days (accelerated curing at 50°C).
The compressive strength tests of the mixtures were conducted as recommended by ASTM
C39 [35] and the average of three capped cylinders were reported at 28 days. The samples
were first removed from the curing chamber and kept out exposed to air dry in an ambient
temperature for two days until testing. The chloride ion permeability in terms of charge
passed through the concrete was assessed at testing ages of 28 days and 90 days. For each
concrete mixture and at each testing age, two 50 mm disk specimens were cut from the
mid-portion of Ø100 × 200 mm cylinders and were conditioned as per ASTM C1202 [36].
A computerized data acquisition system recorded the direct current (DC) of 60 ± 0.1 volts
that passed through the concrete over a period of six hours. Total charge (Coulombs) passed
through the specimen was computed by knowing the current and time history.
The sorptivity test determines the amount of water drawn inside the concrete pores. Two
specimens with dimensions of Ø100 × 50 mm cut from Ø100 × 200 mm cylindrical
specimens were conditioned according to ASTM C1585 [37]. The specimens were first
placed in the oven (55 ± 5°C) to dry for 24 hours until constant mass was obtained. Then,
the specimens were allowed to cool to room temperature. The test began by placing the
specimens on a sharp-edged element in a tray. The bottom surface was kept in contact with
water up to 3 mm as shown in Figure 3.3. This procedure was established to let a free flow
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of water through the bottom surface of the specimen. The mass gain was evaluated by
removing the specimens from the tray and weighing them after 1, 4, 9, 16, 25, 49, and 64
minutes. The test was performed at 28 days and 90 days.

Figure 3.3 Water sorptivity test setup

Water absorption by total immersion was determined in accordance with the procedure
specified in ASTM C642 [38]. Two concrete specimens of Ø100 × 50 mm cut from Ø100
× 200 mm cylindrical specimens were dried in oven for 24 hours and then they were
allowed to cool to the ambient temperature. Then, the specimens were totally immersed in
water at 20°C and the mass of each specimen was recorded after seven days of immersion.
Seven-day water absorption percentage was selected for each testing age (28 days and 90
days) to compare and evaluate the quality of the concretes.
The unrestrained drying shrinkage of the mortars was evaluated by measuring the linear
change in the length of bar prisms over time. ASTM C596 [39] was followed and the length
change was monitored by employing a digital extensometer having precision of 0.0002 mm
and 250 mm gage length. Each prism had two stubs attached to the ends which served as
measuring points and had dimensions of 25×25×285 mm as per ASTM C490 [40]. Mortar
mixtures were mixed, cast, and compacted gently by manual rodding. After 24 hours, the
hardened specimens were demolded and were placed immediately in water for curing at
62

20°C and 100% RH for a period of two days. Then, the drying exposure of specimens
started, and they were kept in a monitored laboratory cabinet capable of maintaining a
temperature of 22°C (±2°C) and relative humidity of 45% (±5%).
Scanning Electron Microscopy (SEM) was used to study the fibre morphology for each
fibre type, microstructural changes, and the interfacial characteristics of fibre-reinforced
composites. These SEM specimens had higher amounts of fibres (4% by the weight of
cement) to ensure good dispersion of fibres in the matrix, and better picture for SEM
observations. Two groups of SEM specimens were cured: the first group for seven days in
room temperature and the second group for 90 days in accelerated condition (50°C).
3.3 Experimental results and discussion
3.3.1 Compressive strength
The compressive strengths of the concrete mixtures are presented in Figure 3.4. The
compressive strength of the control concrete (C-Control) at 28 days was 53.6 MPa. The
use of unmodified fibre (UF) in mixture C-UF-02 resulted in the highest reduction in
compressive strength by about 29%. This finding does not agree with that reported by
Bhargava and Banthia [16] for mixtures containing 0.1% and 0.3 % by volume of virgin
fully purified cellulose fibre. This may indicate that a proper compaction of the mixtures
was difficult to achieve because of large amounts of fibres (2% by weight of cement) were
used in the current study. It was also found that the drop in compressive strength for
mixtures incorporated with MMF and CTF fibres (C-MMF-02 and C-CTF-02) was less
compared to C-UF-02. Hence, the current study shows that both specially designed
(modified) fibres (MMF and CTF) provided a better bonding ability that enhanced the load
transfers within the concrete microstructure when subjected to axial loading. The trend in
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the reduction of compressive strength is in agreement with work previously reported on
concrete reinforced with natural fibres of lengths less than 2 mm [41,42]. This drop in
compressive strength could also be attributed to the balling or congestion of the fibres that
weaken the bond between the fibres and the matrix [42]. Khedari et al. [41] found that the
drop in compressive strength of fibre reinforced concretes is related to the low density of
the specimens. Hence, specimens containing flexible fibres (such as cellulose fibre) would
have lower density as compared to unreinforced specimens due to the fact that these fibres
are expected to induce more voids, which lightens the material [7]. Therefore, concretes
containing MMF and CTF have resulted in less voids as compared to the concrete
containing UF. Hence, this study found that adding any of the three pulp fibres (UF, MMF,
and CTF) results in reduction in the compressive strength of the mixture though the
reduction in the strength is not alarming. The largest reduction in compressive strength at
28, and 90 days were found to be 28.9%, and 17.4%, respectively for mixture UF-02 as
compare to control mixture (Control-PC).
28 days

90 days

Compressive Strength, MPa

70
60
50
40
30
20
10
0
C-Control

C-UF-02

C-MMF-02

C-CTF-02

Mixture ID

Figure 3.4 Compressive strength at 28 days
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3.3.2 Chloride ion permeability
The movement of chloride ions through the concrete is a serious problem especially when
these ions reach the embedded steel reinforcement rebars, causing formation of rust
products. This leads to a reduction in the service life and durability of concrete structures.
Therefore, the rapid chloride ion penetration test is an assessment test that can help in
evaluating the long-term durability of the concrete. The less charge passed means a better
concrete quality and vice versa. The charges passed through the concretes and their
chloride permeability classes, based on ASTM C1202, are depicted in Figure 3.5. As can
be found, the highest charge passed through the concrete was 5661 coulombs for mixture
C-UF-02 at 28 days, and the least charge passed was 2462 coulombs for the control mixture
(C-Control) at 90 days. At 28 days, all mixtures made with Kraft fibres had charges passed
higher than the control concrete mixture (C-Control). However, the C-MMF-02 and CCTF-02 mixtures performed better than the mixture C-UF-02 and both had lower charges
passed over a period of six hours regardless of the testing age (28 days or 90 days). At 28
days, the performance of the mixture made with CTF (C-CTF-02) was the best among all
the three mixtures reinforced with Kraft fibres. The charge passed for mixture C-CTF-02
was about 7% less than mixture C-MMF-02. However, at 90 days, the charge passed for
mixture C-MMF-02 was 1.5 % lower than the mixture C-CTF-02. Nonetheless, according
to ASTM C1202 [31], the class for both concretes (C-MMF-02 and C-CTF-02) at 90 days
belong to the same class (moderate).
For all mixtures, the curing period of 90 days in limewater had a large effect on reducing
the charges passed. This is due to the increase in the hydration products in the pores that
resulted in restricting the movements of ions from one side to the other. According to
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ASTM C1202 [36], the charge passed through all concretes at 90 days is classified as
moderate class. The porous nature of the Kraft pulp fibre might have eased the transport of
the ions. Sappakittipakorn and Banthia [14] concluded that the increase in chloride
permeability of virgin pulp fibre (unmodified fibre) reinforced concretes is due to an
increase in the interfacial porosity at the fibre matrix interfacial zones, as well as the
presence of well-connected pores. In this study, the amount of charge passed for mixture
C-UF-02 is higher than the amount of charges passed through two modified fibrereinforced mixtures (C-MMF-02 and C-CTF-02). This is because the unmodified fibre
(UF) has a bigger cross section than the other two (modified) fibres used in this study.
Hence, specially designed fibres (MMF and CTF) would occupy less space in the
cementitious matrix due to extreme refinements that reduce their inner volume [43]. Thus,
the current study found that concretes containing both specially designed Kraft fibres
(MMF and CTF) showed an improvement in the chloride ion permeability if compared
with those reinforced with unmodified fibre (UF). As well, the mixtures made of CTF
performed either better than or similar to mixtures made of MMF.
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Figure 3.5 Variation in chloride ion permeability and chloride permeability class as
per ASTM C1202

3.3.3 Sorptivity index
It is well known that concrete is a porous building material, which can promote the
absorption of water, gas, and deleterious materials. When porosity increases, the water
moves into the concrete through large interconnected pores resulting in a high sorptivity
index [44]. The testing for sorptivity is to determine the rate of unidirectional water
absorption in the concrete specimen by assessing the unsaturated flow of water and the
capillary potential of the pores. The initial sorptivity indices (at duration of one hour) of all
concrete mixtures are presented in Figure 3.6. This figure shows that mixtures reinforced
with Kraft fibres somewhat increased the sorptivity if compared with the control mixture
(C-Control) regardless of the testing age. Similar observations were reported by Rouque et
al. [23] based on their study on the durability of concretes reinforced with virgin cellulose
fibres. At 90 days, all Kraft pulp fibre reinforced mixtures (C-UF-02, C-MMF-02, and CCTF-02) exhibited similar rate of absorption behavior and the mixture made of CTF (C67

CTF-02) performed best among all mixtures reinforced with Kraft fibres (C-UF-02, CMMF-02, and C-CTF-02). Also, at 28 days, mixture C-CTF-02 showed the best
performance among all the mixtures reinforced with the fibres. Cellulose pulp fibres are
known for their hygroscopic volume changes and their ability to absorb water that can lead
to fibre detachment and micro-cracks [43]. Hence, it is believed that the conditioning
procedure followed in this study, which included oven drying, caused the shrinkage of fibre
volume. This creates gaps and pockets between the fibre and cement matrix at the
interfacial transition zones. Once the specimen is subjected to a water source again, it
absorbs higher amount of moisture and water than before as a result of increased
interconnected networks. Hence, this study found that water sorptivity increases when
Kraft fibres are added to the mixture; however, the mixture reinforced with specially
designed Kraft fibre CTF provides the best performance. This suggests that CTF has more
volume stability to drying-saturating conditions due to the extreme refinement and
chemical treatments the fibre was exposed to during its production.
28 days

90 days

Sorptivity [mm/min0.5]

0.06

0.05

0.04

0.03

0.02

0.01

0.00
C-Control

C-UF-02

C-MMF-02

C-CTF-02

Mixture ID

Figure 3.6 Variation in water sorptivity
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3.3.4 Water absorption
The immersed water absorption provides an estimation of total concrete pores that can be
reached by water. The minimum absorption after seven days of immersion was observed
from the control mixture and the absorption were 2.6% and 1.8% at 28 days and 90 days,
respectively. However, the addition of Kraft pulp fibre slightly increased the porosity of
the concrete and led to a higher absorption percent at both testing ages of 28 days and 90
days. The variations in water absorption for the concrete mixtures are shown in Figure 3.7.
As evident from this figure, the percent of absorbed water decreases as the curing time
increases from 28 days to 90 days. However, all fibre reinforced mixtures exhibited similar
water absorption abilities. For fibre reinforced mixtures, the water absorption values for
mixture C-MMF-02 specimens marked the lowest of 3.30% and 2.25% at 28 days and 90
days, respectively. Nonetheless, all the three reinforced mixtures (C-UF-02, C-MMF-02
and C-CTF-02) showed great improvements at 90 days if compared with that of 28 days.
However, mixtures C-MMF-02 and C-CTF-02 showed better performance than mixture CUF-02.
The permeability characteristics of concretes relies highly on its pore structure [44].
Banthia and Bhargava [45] explained the effect of fibre reinforcements on the permeability
of unstressed concretes and linked it to two mechanisms. First, fibres with hydrophilic
properties like cellulose fibres would decrease the total early age shrinkage and expected
to better absorb the water in the mixture. Consequently, the mixture would have less
internal shrinkage cracking. Second, the fibres reduce aggregates settlements, provide
mixture stiffening, and lower bleeding. These factors combined, would decrease the
formation of interconnected bleed networks, which in turn restrict the moisture movement
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inside the material. Therefore, the ability of the fibres to reduce the permeability
characteristics of the cementitious material will be governed by fibre type and length, fibre
morphology, mixture design, curing condition, and specimen geometry. Therefore, the
high permeability of Kraft fibre reinforced mixtures can be associated with an increase in
the interconnected pores due to addition of fibres. Scanning electron microscope (SEM)
study was undertaken to examine the fracture surface of fibre reinforced concretes as
discussed in the next section. Nonetheless, further investigation is needed to improve the
concrete matrix (maybe by adding mineral admixtures) as it may be a solution to reduce
the permeable pores. These minerals can positively affect the interfacial transition zones
(ITZ). The ITZ typically include a high concertation of large CH crystals which may lead
to localized areas with higher porosity and less desirable mechanical properties [46].
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Figure 3.7 Variation in water absorption
3.3.5 Scanning electron microscope (SEM)
Figure 3.8 shows fibres reinforced mortar at 7 days. It can be observed from this figure that
the hydration process is not complete at the early age of 7 days and there are many voids
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around the fibres. In addition, no brittle failures were observed for the fibres and thus, it
can be concluded that the bonding between the fibre and matrix is weak at this stage.

a) UF

b) CTF

Figure 3.8 Fibre reinforced mortars with 4% Kraft pulp fibres at x250
Hydration products on the fibres and around its surfaces are clearly observed at the age of
90 days with accelerated curing. In general, the fibres seemed to be well dispersed as shown
in Figure 3.9. This figure shows the SEM images for samples reinforced with fibre amount
of 4% by the weight of cement. As can be found, specimens containing UF had hydration
products precipitated on the fibre along its length, which resulted in a good bond between
the fibre (UF) and the cement matrix. Hence, the SEM observation showed that the fibre
experienced brittle fracture (Figure 3.10). Further, the cross section of the fibre does not
contain any hydration product, and no penetration of any hydration products can be
observed in Figure 3.10. This can increase the porosity of the matrix and can be linked to
the higher permeability characteristics reported in this study for concretes reinforced with
Kraft pulp fibres. These internal tubes inside the fibre increase the porosity, which ease the
movement of water and/or ions through the composites.
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Moreover, a good bond between modified fibres (MMF and CTF) in their matrices was
observed as shown in Figure 3.11 and this resulted in the fibres’ rupture without debonding.
Further, the picture shows that there is no gap between the fibre and the matrix at the fibrematrix interfacial zone. Additionally, no ettringite formation was observed around and near
the fibre interfacial zone. However, needle shaped crystals were observed in the voids of
specimens containing MMF (Figure 3.12). Ettringite usually forms in the voids and micro
cracks when additional sulfate exists in the cementitious materials [47].

Figure 3.9 Precipitation of hydration products on UF fibre at x500

Figure 3.10 Unmodified fibre embedded in the cementitious matrix at x1000
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a) MMF

b) CTF

Figure 3.11 SEM images of fibre reinforced mortars with 4% Kraft pulp fibres at x500

Ettringite
Fiber

CSH
CH

Figure 3.12 Needle shaped ettringite in fibre-reinforced mortars containing MMF at
x4000
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3.3.6 Drying shrinkage
The drying shrinkage of mortar mixtures were determined over a period of eight weeks,
and it was found that the incorporation of Kraft pulp fibres has no significant influence on
the volume stability of the mortar mixtures regardless the type and the content of the fibre.
The drying shrinkage strain for mixtures with MMF and CTF at 2% fibre content (MMMF-02 and M-CTF-02) increased by 11% and 5%, respectively if compared with the
control mixture (M-Control) as shown in Figure 3.13. Similar behavior based on the study
of the sisal fibre-reinforced concretes was reported [26]. Kawashima and Shah [12] also
reported similar behavior based on the work done on cellulose fibre-reinforced concretes.
When fibre amount was reduced to 1%, the mixture reinforced with CTF (M-CTF-01)
exhibited 5% less shrinkage strain than the control mixture (M-Control). At fibre content
of 0.5%, all the reinforced mixtures (M-UF-0.5, M-MMF-0.5, and M-CTF-0.5) exhibited
shrinkage strains similar to the control mixture (M-Control). This study therefore, found
that the Kraft fibres (MMF and CTF) developed by Domtar Inc. do not increase the drying
shrinkage strain at fibre content of 1% or less. The study also found that at higher fibre
content of 2%, the increase in drying shrinkage strain for mixtures made of modified fibre
CTF (M-CTF-02) is not significant.
Weight losses of the mixtures for eight weeks of drying period are presented in Figure 3.14.
Increasing the fibre content in the mixtures over 1% led to an increase in the weight loss.
For example, mixtures with 2% fibre content (M-UF-02, M-MMF-02, and M-CTF-02)
exhibited the highest weight loss of 4.95%, 4.90%, and 4.60%, respectively. This behaviour
agrees with theory stating that the amount of porosity, shape, size, and continuity of the
capillary pores in dried cement paste governs the shrinkage [48]. Therefore, incorporation
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of higher fibre fraction in the mixtures increased the porosity of the matrix at the
microstructural level and created more moisture paths in the dried mortars, resulting in
higher water loss.
The shrinkage strain versus weight loss relationships are presented in Figure 3.15. These
relationships are second-degree polynomials. Furthermore, the coefficients of
determination (R2) are high, which means a strong correlation between shrinkage strain
and weight loss. At each fibre content, divergence tendency was observed between mortar
mixtures reinforced with UF, MMF, and CTF. For example, in Figure 3.15c, mixture MCTF-01 had 2.6% weight loss at 1500 micro-strains, while M-UF-01 mixture had
approximately 3.4% weight loss at the same shrinkage strain.
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Figure 3.13 Drying Shrinkage strain after eight weeks for mortar mixtures
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Figure 3.14 Weight loss after eight weeks drying period for mortar mixtures
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Figure 3.15 Drying shrinkage strain versus weight loss of mortar mixtures

3.4 Conclusions
Based on the experimental results presented in this paper, the following conclusions are
drawn. These conclusions may be limited to the scope of the current study.
All concrete mixtures incorporating Kraft pulp fibres exhibited a lower compressive
strength as compared to the compressive strength of the control mixture (C-Control). This
agrees with many previous studies. Nonetheless, results of the current study showed that
the reduction in compressive strength due to the addition of fibres may not be a matter of
serious concern. However, when the comparisons are made among the reinforced mixtures,
concrete mixtures incorporating MMF and CTF showed higher strengths than the mixture
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made of UF. This behaviour for both modified fibres can be attributed to the fact that the
MMF and CTF may have resulted in less voids in the composites than UF. Moreover, the
specially designed fibres (MMF and CTF) enhanced the load transfer within the concrete
microstructure when subjected to axial loading.
Addition of all the three different Kraft pulp fibres (UF, MMF, and CTF) used in this study
increased the interfacial porosity if compared with the control mixture (C-Control). For the
permeability tests, it was found that the mixtures reinforced with MMF and CTF exhibited
less permeability characteristics than the mixtures reinforced with UF. Further, SEM
micrographs confirmed that the fibre’s cross section had no hydration products penetrated
in it for mixtures reinforced with UF. This is an indication that extreme refinement of both
MMF and CTF were useful in lowering the moisture transfer, due to reduction in their inner
volume.
The study found that the drying shrinkage at low content of up to 1% for mixtures made of
both modified fibres (MMF and CTF), shrinkage strain was either reduced or remained
unchanged. However, drying shrinkage strain increased slightly for mortar mixtures
reinforced with higher fibre content of 2% modified fibres (MMF and CTF). Moreover,
reinforced mixtures showed higher weight losses compared to the control mixture. Further,
the study showed a strong correlation between the shrinkage strain and weight loss as the
coefficients of determination (R2) values are high. Therefore, this study found that these
specially designed fibre (MMF and CTF) can be used for durability enhancement.
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CHAPTER 4
DURABILITY PROPERTIES OF ENGINEERED PULP FIBRE REINFORCED
CONCRETES MADE WITH AND WITHOUT SUPPLEMENTARY
CEMENTITIOUS MATERIALS
4.1 Introduction
In recent years, there has been an increase in the number of research on environmentally
friendly building materials. Fibres originating from renewable sources have been given
special attention. Natural fibres, such as cellulose fibre, have been used in cement-based
composites due to their many advantages. Cellulose pulp fibres are green alternative to
petrochemical-based fibres and other synthetic fibres [1]. In addition, these fibres are
readily available, renewable, recyclable, and nonhazardous. Thus, the use of these
renewable fibres as reinforcing materials is very promising.
The degradation of concrete caused by the infiltration of deleterious substances is a known
problem [4,5]. The penetration of these substances into the concrete occur usually by
transport and diffusion. Inclusion of cellulose fibre in cement-based materials is likely to
mitigate damages, such as corrosion and spalling, through the enhancement of the
microstructural permeable pores of the concrete composite. Banthia et al. [6] reported that
adding 0.1% and 0.3% by volume of virgin, fully purified softwood cellulose fiber, reduced
the pore volumes of cement pastes. Furthermore, cryoporometry and mercury intrusion
porosimetry (MIP) observations revealed that increasing the content of cellulose fibre in
cement paste decreases the pore size from 60-80 nm to 5-6 nm [6]. This study concluded
that the use of cellulose fibre would likely reduce the potential of deleterious materials
penetrating the cementitious composites because of the refinement and redistribution of the
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large pores into very fine pores. Sappakittipakorn and Banthia [7] studied the influence of
virgin and fully purified softwood cellulose fibre of 2.3 mm length on to the chloride
transport characteristics of fibre reinforced concretes. The study found that cellulose fibres
can chemically bind the chlorides resulting in decreasing the effective chloride (free)
diffusion coefficients. A study conducted at the University of Florida also focused on the
permeability and durability of cellulose fibre reinforced concretes [8]. The fiber used in
that study was a commercially available cellulose fiber (unmodified) that had a length of
2.1 mm and aspect ratio of 117. The study concluded that the inclusion of these fibres
enhanced the durability of the concrete in terms of surface resistivity, permeable pore
percent, splitting tensile strength, and compressive strength.
Conclusions from previous studies on the usage of cellulose pulp fibres in cement-based
composites are in a good agreement that the usage of such fibres in large scale applications
has been limited due to few reasons. One primary reason is the presence of high alkaline
medium (i.e. cement-based matrix) which degrades the cellulose fibres and other natural
fibres [3,9]. The other reason is the migration of hydration products to the fibre’s lumen,
voids and walls results in mineralization of the fibre. These factors weaken the fibres.
Previous studies related the reduction in the durability of vegetable fibre reinforced
composites with the presence of calcium hydroxide [1,10,11,15]. Mohr et al. [10,11]
explained that Kraft pulp fibres cast-in-place cementitious composites, subjected to dry and
soak cycling, deteriorate in three progressive stages. These stages are: debonding of fibres
that opens up few voids, precipitation of secondary ettringite in the voids created by the
fibre deboning, and loss in fibre’s ductility (fibres embrittlement) due to mineralization of
the fibre cell wall. Repetitive dry and soak cycling let the pulp fibre to shrink and swell
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without impedance. Accordingly, the pore solution expels pressure through fibre ends and
longitudinal surface along the fibre. This embrittlement is to blame for the toughness loss.
These studies mostly focused on the mechanical performance of the composites when
subjected to various exposure and weathering conditions such as wet/dry cycles [10–14].
Researchers agree that the fibres are weakened when subjected to cyclic weathering and
thus, the mechanical characteristics of the composites are adversely affected.
Degradation of fibre reinforced cementitious composites can be mitigated via two ways:
either modifying the fibre or modifying the cementitious matrix [10,11,15,16]. Modifying
the fibres consist of chemical (fibre treatments) or physical (fibre fibrillation) modifications
[1,11,17]. These techniques have been found to be effective in increasing the bonding of
fibre in the composite and decreasing the moisture transfer around and through the fibres
during dry/wet cycles. Claramunt et al. [18] studied the effect of hornificated Kraft pulp
fibres on the durability of cement mortar composites. The study concluded that the
hornification of the fibres enhanced the durability and improved the mechanical
performance of the composites. Unmodified Kraft pulp, on the other hand, facilitated the
degradation of the composites. Other studies [10,11,16,17] evaluated the influence of
different treatments of softwood fibres on reducing composite degradations. These
treatments included fibre beating, initial drying age, bleaching, and pulp treatments
(thermomechanical or Kraft). These studies found that the drying state and beating did not
affect the mechanical performance of composites subjected to wet/dry cycles. Additionally,
composites made of thermomechanical pulp exhibited a higher strength and toughness after
25 wet/dry cycles as compare to those made of Kraft pulp composites.
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With respect to matrix modifications, supplementary cementitious materials (SCM) have
exhibited promising results. A few studies looked into the use of pozzolanic materials as
partial weight replacement of cement for refining the pore structure and reducing the
alkalinity of the cement matrix [10,16]. Mohr et al. [10] investigated the effect of SCM in
mitigating the fibre degradation caused by wet/dry cycles. Partial replacement of 30% silica
fume, 90% slag and 30% metakaolin, by the weight of cement, eliminated the degradation
of composites subjected to wet/dry cycles. Moreover, with progressive wet/dry cycles, the
changes in strength and toughness were less than those composites containing other
minerals. A study by Toledo Filho et al. [15] reported that the pore water pH reduced from
13.2 to 12.9 when 17% of cement was replaced by silica fume. Silva et al. [19] also
reported that sisal-fibre composites with metakaolin and calcined waste crushed clay brick
had ultimate bending strength four times higher than those of control specimens.
The literature review found that only few studies investigated the permeability and
durability properties of conventional cellulose fibre reinforced concretes. However, there
is a lack of research regarding the influence of highly refined pulp fibres on the
permeability characteristics of reinforced concretes. Hence, the objective for the current
study is to determine the effect of fibre type, fibre content, and mineral addition on the
compressive strength and durability characteristics of fibre reinforced concretes. Thus, a
comprehensive experimental program was conducted to determine the effect of two
engineered pulp fibres, namely, mechanically modified fibre (MMF) and chemically
treated fibres (CTF). Both engineered fibres, MMF and CTF are modified softwood fibres
developed by Domtar Inc. These fibres are not yet commercially available and have not
been used in concrete materials or other construction materials. The surface of MMF is
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modified externally whereas the surface for CTF is internally altered. The performance of
these fibres (MMF and CTF) were compared to a conventional unmodified hardwood fibre
(UF). The study consisted of two series of mixtures. First series had the concretes
reinforced with three fibre types (MMF, CTF, UF) and three different fibre contents. The
second series had concretes reinforced with MMF and cement partially replaced (10%)
with five different SCM. Compressive strength, chloride permeability, immersion
absorption, and rate of absorption at three different testing ages of 28, 56, and 90 days were
evaluated. The interfacial properties of fibre reinforced mortars with SCM were also
investigated. Moreover, the current research also looked into the effect of high fibre
refinement on the performance of reinforced concretes.
4.2 Experimental Program
4.2.1 Materials
Three types of fully bleached Kraft pulp fibre were used as reinforcement in the concretes
and these three fibres are UF, MMF, and CTF. Figure 4.1 shows the Scanning Electron
Microscopy (SEM) images of these three pulp fibres. The fibres used were similar to the
ones used by Booya et al. [4]. As obvious from this figure, each fibre has a very different
morphology, as MMF and CTF are pulp fibres subjected to high refinement, whereas, UF
is an unmodified (conventional) pulp. The UF has a length shorter than MMF and CTF and
both softwood fibres are engineered to have increased fibril count that have greater surface
area. From Figure 4.1a, it is evident that the there are perforations in the longitudinal
section of UF. Further, UF are much coarser in shape compared to the other fibres. On the
other hand, very tiny, long, and hairy shaped fibrils can be observed on the outer surface
of MMF (Figure 4.1b), while CTF fibres exhibit a narrower and flatter cross section
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compared to UF. The chemical treatment for CTF altered the internal surface of the
softwood fibres (Figure 4.1c). Internal alterations of CTF result in increased fibril counts.
The average fibre lengths are 0.8, 1.8, and 2.1 mm for UF, MMF and CTF, respectively,
and the average diameter (or width) of all fibre type is 18 µm. UF, MMF and CTF have a
density of 0.493, 0.746, 0.511 gm/cc, respectively. All fibre type had negligible lignin
content. The mechanical and physical properties of the fibers used in this study are
presented in Table 4.1.
The cement (C) used in this study was general use limestone (GUL) conforming to
Canadian standard, CSA A3001 [20]. Commercially available silica fume (SF), fly ash
(FA), metakaolin (MK), pumice powder (PM), and slag (SG) were used as SCM by
substituting a portion of the cement. The physical and chemical properties of the SCM and
cement fulfilled the requirements recommended by ASTM and CSA standards as listed in
Table 4.2. Moreover, the chemical composition of the SCM materials used in this study
are listed in in Table 4.3. The fine and coarse aggregates used in this study conformed to
ASTM C33 [21]. The maximum fine and coarse aggregate particle size was 5 mm and 19
mm, respectively. The specific gravity and fineness modulus of the fine aggregates were
2.51 and 2.63, respectively, while the specific gravity of the coarse aggregates was 2.55.
To achieve desired workability, a high range water reducing admixture (HRWRA) type
A&F was used, as recommended in ASTM C494 [22].
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(c) CTF

(b) MMF

(a) UF

Figure 4.1 SEM images of the fibres at x500 [4]

Table 4.1 Mechanical and physical characteristics of the fibers
Properties
Weighted fiber length (mm)
Diameter or fiber width (µm)
Hydrodynamic surface area
(m2/g): fibrillation magnitude
Length weighted fines %
Fiber Density (g/cc)
Basis weight (g/ m2)

UF
0.7 to 0.9
18 to 20

MMF
1.7 to 2.0
18 to 20

CTF
2.0 to 2.2
18 to 20

1 to 2

20 to 40

2 to 3

10 to 12
0.493
60.64

6 to 9
0.746
60.62

3 to 4
0.511
58.18

Table 4.2 Cement and SCM commercial names and types
SCM
Cement
Silica Fume
Fly Ash
Metakaolin
Pumice powder
Slag

Commercial Name/ Supplier Name
GUL/St Marys
Eucon MSA/Euclid Chemicals
Fly Ash CI/ Lafarge Canada
Metakaolin/Whitemud Resource Inc.
Pumice/Hess Pumice
Grade 80 NewCem/Lafarge Canada
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Complying Standards
CSA A3001 [20]
ASTM C1240 [23]
ASTM C618-08 [24]
CSA A3001[20]
ASTMC330, ASTM 618 [25]
ASTM C989 [26]

Table 4.3 Chemical composition of cementitious materials (%)
Analyte
Symbol
Co3O4
CuO
NiO
SiO2
Al2O3
Fe2O3(T)
MnO
MgO
CaO
Na2O
K2O
TiO2
P2O5
Cr2O3
V2O5
LOI
Total

PC

FA

SG

SF

MK

PM

< 0.005
0.01
< 0.003
19.78
5.38
2.67
0.066
2.44
62.43
0.12
0.49
0.31
0.13
0.01
0.009
1.52
95.38

< 0.005
0.009
0.231
61.3
19.91
6.9
0.066
1.74
1.33
1.02
2.26
0.9
0.15
0.04
0.953
3.65
100.5

< 0.005
0.005
< 0.003
36.9
9.08
0.61
0.327
10.91
37.6
0.25
0.26
0.36
0.01
0.01
0.004
0.26
96.58

< 0.005
< 0.005
0.004
85.39
6.27
0.19
0.007
< 0.01
0.03
0.11
0.04
0.07
0.37
< 0.01
0.004
0.88
93.38

< 0.005
< 0.005
< 0.003
63.49
29.85
1.19
0.01
0.49
0.35
0.14
1.81
0.68
0.03
0.01
0.022
2.03
100.1

< 0.005
< 0.005
0.004
71.6
11.93
1.23
0.033
0.33
0.99
2.23
5.15
0.09
0.03
0.01
0.004
5.86
99.48

4.2.2 Mixture Proportioning and Casting
A total of fifteen mixtures that have water-to-binder ratio of 0.35 and total cementitious
materials content of 485 kg/m3 were prepared in this study. The mixture IDs listed in Table
4.4 indicate the fibre type, fibre content, and SCM used in the concrete. For example,
mixture UF-02 refers to a concrete mixture that included 2% unmodified cellulose pulp
fibre, while MMF-02-MK refers to concrete mixtures that included 2% by mass MMF and
metakaolin (MK) mineral blends. The control mixture (Control-PC) did not contain any
fibre or SCM and had a designed strength of 40 MPa at 28 days. This study was conducted
in two phases. Phase I consisted of nine mixtures reinforced with three different pulp fibres
(UF or MMF or CTF) and three different replacement ratios of 0.5, 1 and 2 percent by the
weight of cement. Similar fibre content were used by other researchers in their study of
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fibre cementitious materials [19,27,28]. In phase II, only MMF was considered to
determine the effect of SCM. In this phase (Phase II), five mixtures were proportioned with
MMF having 2% fibre content and incorporated binary (C+SF, C+FA, C+MK, C+PM,
C+SG) blends in which a 10 percent of cement by weight was replaced with SCM. The
workability of the mixtures was reduced at fibre content above 2%. Thus, superplasticizer
(HRWRA) was added to all mixtures, at varied amounts, to achieve required workability
and to ensure that slump ranged from 70 mm to 100 mm. The concrete proportions are
listed in Table 4.5.
The concrete specimens used in this study were casted using a specific mixing procedure.
The fibres were placed in a food blender with water (and plasticizer when needed). The
fibres and water blend were mixed for two minutes until the fibres were well dispersed in
the water. The cement and aggregates were dry mixed for one minute in a high-speed
laboratory mixing pan and then were combined with the preconditioned fibres and water.
Mixing was continued for three minutes followed by two minutes of rest. An additional
two minutes of mixing was provided to complete the mixing sequence. The slump of the
fresh concretes were tested in accordance with ASTM C143 [29].
From each concrete mixture, fifteen Ø100×200 mm cylindrical specimens were cast and
compacted using a vibrating table. Then, specimens were demolded after 24 hours and
cured in limewater until the time of testing. The test matrix of the mixtures is listed in Table
4.4. The mixture IDs are designated to reflect the fibre type, fibre content, and SCM used
in the concrete for example, mixture UF-02 refers to a concrete mixture that included 2%
unmodified cellulose pulp fibre, while MMF-02-MK refers to concrete mixtures that
included 2% by mass MMF and metakaolin (MK) mineral blends.
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Table 4.4 Test matrix and details of concrete mixtures

Phase II:
With SCM

Phase I: Without SCM

Concrete type

Mixture ID

Control-PC
MMF-0.5
MMF-01
MMF-02
CTF-0.5
CTF-01
CTF-02
UF-0.5
UF-01
UF-02
MMF-02-SF
MMF-02-FA
MMF-02-MK
MMF-02-PM
MMF-02-SG

Percent of
cement mass
0
0.5
1
2
0.5
1
2
0.5
1
2
2
2
2
2
2

Fibre content
Percent volume
0
0.33
0.65
1.3
0.48
0.95
1.9
0.49
0.98
1.97
1.3
1.3
1.3
1.3
1.3

Type of Kraft pulp fibre
kg/m

3

0
2.43
4.85
9.7
2.43
4.85
9.7
2.43
4.85
9.7
9.7
9.7
9.7
9.7
9.7

No fibre added
Mechanically modified fibre (MMF)

Chemically treated fibre (CTF)
Fully bleached cellulose pulp
unmodified fibre (UF)

Mechanically modified fibre (MMF)

Table 4.5 Concrete proportions (per cubic meter)
Ingredient
Weight (kg)

Cement
485

Water
170

Coarse aggregates
935
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Fine aggregates
759

4.2.3 Test Methods
The compressive strength of each concrete mixture was assess the as per ASTM C39 [30].
The average value of three capped cylindrical specimens at each testing age (28, 56, and
90 days) was determined. The specimens were first removed from the curing chamber and
then were air dried for two days until testing.
The resistance of concretes to chloride ion penetration was evaluated in terms of charges
passed in accordance to ASTM C1202 [31]. For each concrete mixture and for each testing
age of 28, 56, and 90 days, two 50 mm thick disk specimens were saw cut from the middle
of each Ø100 × 200 mm cylinder. Then, the specimens were mounted to the testing cell
with one face in contact with 0.3N sodium hydroxide (NaOH) solution and the other face
with 3% NaCl solution. A data acquisition system was used to record the current (DC) of
60 ± 0.1 volts that passed through the concrete over a period of six hours. The total charge
passed, in coulombs, was determined using the current and time. The chloride permeability
of concrete is categorized into five classes ranging from “high” to “negligible” as per
ASTM C1202 [31].
The sorptivity test was conducted at three testing ages of 28, 56, and 90 days, to determine
the rate at which the water is drawn inside the concrete pores. For each testing age, two
specimens with dimensions of Ø100 × 50 mm were cut from Ø100 × 200 mm cylindrical
specimens. These specimens were conditioned in accordance with ASTM C1585 [32]. The
specimens were first placed in an oven at55 ± 5°C for 24 hours. Then, the specimens were
cooled down to room temperature. The side of the specimen were then sealed by silicon
coating. The specimens were placed in a tray, on a sharp-edged element, where up to 3 mm
of the bottom surface was submerged in water as shown in Figure 4.2. This allows a free
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flow of water through the bottom surface of the specimen. The gain in mass of the
specimens was recorded after 1, 4, 9, 16, 25, 49, and 64 minutes of exposure to the water.
The volume of water absorbed was calculated by dividing the mass gained by the nominal
surface area of the specimen and the density of water. These values are plotted against the
square root of time. The slope of the line of the best fit was defined as the sorptivity
coefficient of concrete. The test was performed at 28, 56 and 90 days. The reduction in
water sorptivity indicates that concretes have tiny pore structures that prevent the ingress
of damaging substances into the pore system [33]. Thus, reducing the penetration of
sulfate-containing or chloride-containing water into concrete is crucial as these substances
lead to serious damages [34].

Figure 4.2 Water sorptivity test setup
Two concrete specimens of Ø100 × 50 mm were cut from Ø100 × 200 mm cylindrical
specimens and tested for water absorption by total immersion. For this, the procedure
recommended by ASTM C642 [35] was followed to determine water absorption percent
for the concretes. First, the concrete specimens were dried in an oven for 24 hours and then
cooled down to ambient temperature. The specimens were then completely immersed in
water at 20°C and the mass of each specimen was recorded after seven days. Seven-day
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water absorption percentage was considered for each testing age (28, 56, and 90 day) to
evaluate the absorption capacity of concretes.
Scanning Electron Microscopy (SEM) technique was used to study the fibre fracture
properties and the interfacial properties of the fibre reinforced composites. These SEM
specimens were made of mortar reinforced with 2% by weight of cement MMF and
included SCM. These specimens were cured for 90 days in accelerated condition (at 50°C).
4.3 Results and Discussion
4.3.1 Compressive Strength
The variation in compressive strength for concretes with different fibre types and fibre
amounts is presented in Figure 4.3. The compressive strength of plain concrete (ControlPC) at 28, 56, and 90 days were 50.4, 51.9, and 56.4 MPa, respectively. In general, the
addition of fibre reduced the compressive strength at all testing ages (28, 56, or 90 days),
regardless of the fibre amount (0.5, 01, or 02) or fibre type. However, at 90 days, the
reduction in compressive strength for mixtures with 0.5% and 1% fibre contents (for
specimens MMF-0.5, CTF-0.5, UF-0.5, MMF-01, CTF-01, and UF-01) was less than the
concretes which contained 2% fibre (for specimens MMF-02, CTF-02, and UF-02). For
example, for mixture MMF-01 the reduction in compressive strength at 90 days was 7.6%
as compare to Control-PC mixture, however, the reduction in the compressive strength for
MMF-02 at 90 was 25.4%. This reduction in compressive strength increased with
increasing fibre content. At 28 days, UF-02 marked the lowest strength of 36.9 MPa, a
28.7% reduction compared to the plain concrete mixture (Control-PC). Previous studies
also indicated similar negative effect for concretes reinforced with natural fibres of less
than 2 mm lengths [36, 37]. Bentchikou et al. [38] explained that increasing fibre content
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creates more voids which weakens the compressive strength of the composite. The
reduction in compressive strength is also attributed to the congestion or balling of the fibres
that weaken the fibres-matrix bond. Khedari et al. [36] related the reduction in compressive
strength of fibre reinforced concretes to low density of the specimens. Therefore,
specimens containing flexible fibres such as cellulose fibre used in this study is expected
to have lower density as compare to an unreinforced specimen since these pulp fibres
induce more voids that lightens the material [38].
For equivalent fibre replacement at all testing ages, concretes reinforced with modified
fibres (MMF and CTF) had higher compressive strength than concretes reinforced with
unmodified fibre (UF). When subjected to axial loading, both modified fibres exhibited
enhanced bonding ability which improved the load transfers within the concrete
microstructure. Between the two modified fibres used, specimens made of CTF performed
better than specimens made of MMF at 90 day, as can be found from Figure 4.3. Hence,
incorporating any of the three pulp fibres (UF, MMF, and CTF) in concrete reduces
compressive strength; however, the reduction in the strength is not alarming. Nonetheless,
addition of MMF and CTF causes lesser reduction in compressive strength than the
reduction caused by UF. In comparison to the control mixture (Control-PC), the largest
reduction in compressive strength at 28, 56, and 90 days were 28.7%, 23.9%, and 28.1%,
respectively for mixture UF-02.
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Control-PC
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Mixture ID

Figure 4.3 Variation in compressive strength – effect of fibre type and fibre content

The variation in compressive strength of concretes with SCM, measured at 28, 56, and 90
days is shown in Figure 4.4. The percent change in compressive strength of SCM
incorporated concretes with respect to MMF-02 is presented in Figure 4.5. Concrete
specimens containing partial cement replacement of metakaolin (MK) achieved the highest
compressive strength among other reinforced concretes at all testing ages. Metakaolin
blends have higher specific surface area than cement which optimizes the particle
distribution of the mixtures. These fine metakaolin particles reduces the pore sizes that
result in reducing the permeability of the concretes. Concrete specimens with silica fume
and slag blends (MMF-02-SF, MMF-02-SG) had slightly increased strength than MMF-02
concrete at 90 days, whereas, pumice powder (PM) and fly ash (FA) blends resulted in a
considerably less compressive strength as demonstrated in Figure 4.6. However, the
negative effect of PM appeared to be reversed with prolonged water curing (at 90 days) as
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the observed compressive strength was slightly higher than MMF-02 concrete. Earlier
studies reported similar negative effect of FA and PM for different types of concretes [33,
39].
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20
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Figure 4.4 Variation in compressive strength – effect of SCM
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Figure 4.5 Percent change in compressive strength of mixtures containing SCM

4.3.2 Chloride Ion Permeability
The chloride ion transfer through the concrete is a serious problem, particularly once these
ions reach the embedded steel reinforcement. Ions that penetrate into steel reinforcement
cause formation of rust products, which leads to a reduction in the durability and service
life of concrete structures. The rapid chloride ion permeability test is an assessment that
aid in evaluating the long-term durability of the concrete. In this test, the permeation of
ions is usually assessed by the means of charge passed over a specified time interval.
Concretes with less charge passed indicate better quality. The results of the rapid chloride
ion permeability test are listed in Table 4.6. The variation in the charge passed for concretes
containing different fibre types and contents is presented in Figure 4.6. The total charge
passed through the control specimen (Control-PC) was the least, whereas, concrete
specimens with 2% fibre content (MMF-02, CTF-02, and UF-02) resulted in the highest
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charge passed at all testing ages. Sappakittipakorn and Banthia [40] attributed the increase
in chloride permeability values of virgin pulp fibre reinforced concretes, to an increased
interfacial porosity at the fibre-matrix interfacial zones, as well as the occurrence of wellconnected pores. Moreover, the porous nature of the pulp fibre may have attributed to the
ease of transporting the ions, particularly for mixtures included UF (UF-0.5, UF-01, and
UF-02). Among the fibre reinforced concretes, UF-02 had the highest charge passed of
5883 coulombs, whereas, MMF-0.5 concrete marked the lowest charge of 3114 coulombs.
Modified fibres (MMF and CTF) if compared with unmodified fibre (UF) would occupy
less space in the cementitious matrix because of extreme refinements that reduced their
inner volume [41]. The concretes made of CTF performed either better than or similar to
concrete made of MMF. Curing the specimens for 90 days had a significant effect in
improving the quality of all concretes regarding chloride ion permeability. This can be
attributed to the maturity of hydration products inside the pores that restricted the
movements of ions from one side to the other. the permeability of all reinforced concretes
at 90 days are rated as moderate (Table 4.6) as per ASTM C1202 [31].
Figure 4.7 demonstrates the variation in chloride ion permeability of concretes
incorporated various SCM. The percent change in chloride ion permeability of SCM
incorporated concretes with respect to MMF-02 is presented in Figure 4.8. As obvious from
both figures, the chloride ion permeability of all concretes decreased at all ages except for
mixture MMF-02-PM at 28 days. However, the same concrete (MMF-02-PM) exhibited
an improved permeability at the ages of 56 and 90 days. At 90 days, concretes containing
SF and MK blends (MMF-02-SF, MMF-02-MK), had the lowest charge passed with 1634
C and 1752 C, respectively. The charge passed for these two concretes were even less than
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those of plain concrete specimen, Control-PC (1970 coulombs). Regardless the testing age,
the use of SF, FA, MK, and SG blends reduced the total charge passed of about 43-54%,
15-31%, 51-56%, and 21-45%, respectively as compare to mixture MMF-02. The
transformation of large pores into fine pores or pore refinement might be the reason for the
reduced permeability of concretes containing SCM [33, 42, 43]. It is worth mentioning that
at the age of 90 day, reinforced concretes that included SCM blends were categorised as
“low” or “moderate” chloride permeability as per ASTM C1202 [31].
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Figure 4.6 Variation in chloride ion permeability – effect of fibre type and fibre
content
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Figure 4.8 Percent change in chloride ion permeability of mixtures containing SCM
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Table 4.6 Chloride ion permeability ratings at different ages
Mixture ID

Chloride ion permeability at 28
days
Charged passed,
Rating
Coulombs

Chloride ion permeability at 56
days
Charged passed,
Rating
Coulombs

Chloride ion permeability at 90
days
Charged
Rating
passed,
Coulombs
1970
Low

Control-PC

2592

Moderate

2029

Moderate

MMF-0.5

3114

Moderate

2496

Moderate

2305

Moderate

MMF-01

3216

Moderate

2928

Moderate

2338

Moderate

MMF-02

5586

High

5123

High

3573

Moderate

CTF-0.5

3389

Moderate

2397

Moderate

2349

Moderate

CTF-01

3464

Moderate

3117

Moderate

2719

Moderate

CTF-02

5461

High

5056

High

3603

Moderate

UF-0.5

3642

Moderate

3250

Moderate

2654

Moderate

UF-01

3788

Moderate

3432

Moderate

3111

Moderate

UF-02

5883

High

5259

Moderate

3950

Moderate

MMF-02-SF

3191

Moderate

2438

Moderate

1634

Low

MMF-02-FA

4752

High

3601

Moderate

2482

Moderate

MMF-02-MK

2682

Moderate

2273

Moderate

1752

Low

MMF-02-PM

6552

High

4935

High

2598

Moderate

MMF-02-SG

4026

High

2835

High

2835

Moderate
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4.3.3 Sorptivity Index
The porous nature of concrete causes water, gas, and deleterious materials to penetrate it.
Therefore, high sorptivity index indicate that the concrete material has an increased
porosity and the water can get into the concrete through interconnected pores [33].
Sorptivity tests involve determining the rate of water absorption in the concrete specimen
through the assessment of the unsaturated flow of water and the pore’s capillary potential.
Figure 4.9 presents the results of water sorptivity for concretes incorporating different
fibres and fibre amount. From this figure, it is evident that the fibre reinforced concrete
specimens exhibited higher water sorptivity than the unreinforced concrete specimen
(Control-PC) at all testing ages. Generally, the concretes reinforced with unmodified fibre
(UF) exhibited higher sorptivity indices at all fibre contents and testing ages. Rougue et al.
[8] reported similar findings for on the durability of concretes reinforced with virgin
cellulose fibres. However, when comparing the behaviour and the trend of all reinforced
concretes, it can be observed that the curing age has a positive effect on reducing the water
sorptivity and thus, reduces the sorptivity indices. Further, concrete reinforced with CTF
performed either better or similar to concretes reinforced with MMF fibres. Hence,
concretes that include either MMF or CTF achieved a better performance than concretes
made of UF at all testing ages. Cellulose pulp fibres are known for their hygroscopic
volume variations and their capability to absorb water that may lead to fibre detachment
and micro-cracks [41]. Linking these drawbacks to the increased water sorptivity results
observed in this paper, it is believed that the conditioning process associated with the test
method, which included oven drying, contributed in fibre volume shrinkage. Hence,
specimen drying would create pockets and gaps between the fibres and the matrix at the
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interfacial transition zones (ITZ). Subjecting the specimens to a water source again could
result in higher amounts of moisture and water absorption than before because of increased
interconnected networks.
The variation of water sorptivity of concretes containing various SCM and the percent
change in water sorptivty with respect to MMF-02 specimen are presented in Figures 4.10
and 4.11, respectively. As can be seen from these figures, the use of SF and MK as binary
blends seemed to be the most effective in reducing the sorptivity index among all
reinforced concrete specimens. The water sorptivity for MMF-02-SF and MMF-02-MK
specimens, reduced by about 5-15%, and 6-16%, respectively, when compared to MMF02 concrete. On the other hand, the study found that using FA and PM blends (specimens
MMF-02-FA, MMF-02-PM) increased the sorptivity index drastically at all testing ages.
Similarly, MMF-02-SG specimens had 6% and 3% higher water sorptivity index than
MMF-02 specimen at 56 and 90 days, respectively.
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Figure 4.9 Variation in water sorptivity– effect of fibre type and fibre content
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Figure 4.10 Variation in water sorptivity – effect of SCM
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Figure 4.11 Percent change in water sorptivity of mixtures containing SCM

4.3.4 Water Immersion
The water absorption immersion test offers an approximation of total concrete pores that
can be reached by water. The seven days immersion absorption of all concretes is presented
in Figure 4.12. As can be found from this figure, the lowest absorption percent was
observed for plain concrete specimens (Control-PC). At 28, 56, and 90 days, the absorption
percent values for Control-PC were 2.8, 2.0, and 1.9, respectively. Reinforced concretes
had higher absorption percentage values regardless of the fibre content and testing age.
However, the absorption percent values for concretes with 0.5 percent CTF and UF fibres
were similar or comparable to the control specimen at the age of 90 day. Increasing the
fibre content increased the absorption regardless of the fibre type (MMF, CTF, or UF).
For concretes reinforced with 2 percent fibre (MMF-02, CTF-02, and UF-02), specimens
with MMF and CTF had absorption percent less than the specimen reinforced with UF,
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regardless of the testing age. The permeability properties of concretes highly depend on its
pore structure [33]. Therefore, high absorption may be attributed to the increased porosity
at the fibre-matrix interfacial zones, which increased the connectivity of micro pores [7].
Thus, the ability of the fibres to reduce the permeability characteristics of the cementitious
material is governed by fibre type and length, fibre morphology, mixture design, curing
condition, and specimen geometry.
It is important to mention that extending the curing age from 28 day to 90 day resulted in
improved permeability characteristics and decreased the absorption percent for all concrete
specimens. For example, the absorption percent of CTF-01 was reduced from 3.4 at 28 day
to 2.4 at 90 day. Similarly, for specimen MMF-02, the absorption percent decreased from
3.5 at 28 day to 2.6 at 90 day.
Figure 4.13 shows the variation in water absorption of concretes with SCM, while Figure
4.14 shows the percent change in water absorption of concretes containing SCM, with
respect to MMF-02 specimen. It can be found that incorporation of MK along with 2%
MMF fibre (MMF-02-MK) significantly decreased the water absorption of MMF-02
specimen and the reduction in the water absorptions were 32%, 23%, and 16% at 28, 56,
and 90 days, respectively. The improvements of concretes with MK blends can be
attributed to an enhancement in the interfacial transition zones that reduced the moisture
transfer. The ITZ is generally characterized by a high concertation of large CH crystals
which may cause localized areas with greater porosity and less desirable mechanical
characteristics [44,45]. However, no improvement in water absorption was found for the
other SCM concretes. Nevertheless, SF blends at 90 days and SG blends at 28 days, slightly
dropped the water sorptivity to 4%, and 11%, respectively.
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4.4 Interfacial properties
Composites containing MMF (with and without SCM), were investigated for interfacial
properties. Scanning electron microscope (SEM) image of the MMF specimen without
SCM at the age of 90 days is shown in Figure 4.15. It is obvious from this figure that a
few fibres were de-bonded from the matrix. Hence, empty pockets were observed which
suggests fibre pull-out failure mode. Further, the picture shows that there is a gap in the
fibre-matrix region resulting from specimen drying. The presence of such gap can increase
the porosity of the matrix and hence, it can be linked to the higher permeability for
concretes reinforced with MMF and when no SCM was added.
The SEM images of an MMF specimen containing 10% silica fume (SF) are shown in
Figure 4.16. It is obvious from this figure that the hydration products are precipitated on
the fibres and its surrounding surfaces. The matrix seems to be dense and rough in texture,
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which suggests improved physical bonding and lower moisture transfer. Similar
observations were reported by Mohr et al. [10]. However, this study investigated the role
of SCM in mitigating the degradation of pulp fibre reinforced composites subjected to
wet/dry cycle.

Pocket

Gap

Fibre

Figure 4.15 SEM image for MMF-02 specimen at x500

(b) x500

(a) x1000

Figure 4.16 SEM images of fibre reinforced composites with SF
Images from a specimen containing fly ash (FA) class CI showed a breakage in the fibre
tip as can be observed from Figure 4.18(a). This type of breakage can be referred to as a
brittle failure mode. As well, fibre detachment from its matrix is also observed in Figure
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4.17(b). Relating these SEM observations with permeability characteristics of these
composites, it can be concluded that the fibre debonding is a predominant failure mode. A
study by Mohr et al. [10] also showed that composite with class C fly ash was not beneficial
in improving the durability when subjected to dry/wet cycles. The study also found that
class C fly ash had insignificant effect on modifying the matrix microstructure features.
Moreover, sheath and needle shaped ettringite crystals can be seen around the outer surface
of the fibres (Figure 4.17 b). Ettringite typically forms in the voids and micro cracks in the
cementitious material when additional sulfate exists.[16]. Mortar composites with pumice
powder exhibited similar behavior as fly ash at which the fibres were de-bonded from the
matrix as shown in Figure 4.18.

b) Fibre debonding at x1000

a) Fibre tip at x2000

Figure 4.17 SEM images of fibre reinforced composites with FA
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Figure 4.18 Fibre de-bonding in composites with PM

In contrast, composites containing metakoalin (Figure 4.19) had dense matrix surface with
the fibre tips fractured, similar to the observations found for composites with silica fume
(Figure 4.16). Improved bonding between the MMF and the matrix was enough to break
the fibres, contributing to the lowered porosity of the matrix and reduced water and chloride
permeations. No spaces were visible at the fibre-matrix interfacial zones.
As well, slag blends seemed to improve the bonding characteristics and had fibre tips
fractured as shown in Figure 4.20. The behaviour of metakoalin and slag, in terms of
durability, seems to be the similar, although the metakoalin blends are more effective at
lower replacement levels. For both blends (MK and SG), the enhanced durability
characteristics might have attributed to the creation of calcium aluminate products at the
surface of the fibre [10]. Furthermore, no ettringite development was observed around and
near the fibre interfacial zone. Hence, this study found that the SF, MK, and SG blends,
were the most beneficial in modifying the cementitious matrix that led to improved
durability, whereas, FA and PM blends had insignificant effect on permeability reduction.
Thus, MK was found to provide most beneficial effect in terms of durability of fibre
reinforced concrete.
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(a) x100
Figure 4.19 SEM images of fibre reinforced composites with MK

(b) x500

(a) x1000

Figure 4.20 SEM images of fibre reinforced composites with SG
4.5 Conclusions
Based on the experimental results presented in this paper the following conclusions are
drawn. These conclusions may be limited to the scope of the current study.
•

Adding pulp fibre decreased the compressive strength in comparison to the plain
concrete, regardless of the fibre type, fibre amount, and age of curing. This
reduction increased with increasing the fibre amount. Among all fibre reinforced
concretes, specimens with MMF and CTF showed higher strengths than those made
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of UF. Further, fibre reinforced concretes with binary blends of MK, significantly
improved the strength of concrete MMF-02, whereas, FA, and PM blends were not
effective in enhancing the strength. Also, concrete MMF-02-MK, exhibited a
comparable or higher compressive strength than the unreinforced concrete
(Control-PC).
•

In comparison to the plain concrete, the chloride ion permeability increased
drastically with increasing fibre amount, though all reinforced concretes had
chloride permeability rated as “medium”, at 90 days. Reinforcing concretes with
modified fibres (MMF and CTF) resulted in enhanced permeability and lowered
charge passed compared to concretes reinforced with UF. However, addition of
SCM significantly caused reduced resistance to chloride ion permeability for
MMF-02 concrete. Concretes incorporating SF and MK had the lowest charge
passed resulting in “low” class of chloride ion permeability.

•

The water sorptivity and water absorption percent for the plain concrete (ControlPC) was the lowest among all concretes. As expected, adding fibres, regardless of
the type and the amount, created interconnected pores that increased the
permeability. However, in the case of water sorptivity, it was found that all SCM
except PM improved the microstructure features of the composites and exhibited a
less absorption rate in compare to MMF-02 concretes. The MK blends showed the
highest reduction in both water sorptivity and water absorption percent at all testing
ages, which can be related to pore refinement.

•

Scanning electron microscope (SEM) images of concrete MMF-02 revealed that a
few fibres were de-bonded from the matrix, and that fibres had spaces at the fibre
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interfacial zones. It is believed that these spaces contributed to increased
permeability by creating more interconnected micro pores. However, a rough and
very dense matrix was observed for mortar specimens containing SF, MK, and SG,
suggesting that fibre adherence to the matrix improved. The bonding between the
fibres and the matrix was enough to have the fibre tips ruptured. Conversely,
specimens with FA and PM blends showed detachments of MMF from their
matrices.
4.6 References
[1]

M. Ardanuy, J. Claramunt, R.D. Toledo Filho, Cellulosic fibre reinforced cementbased composites: A review of recent research, Constr. Build. Mater. 79 (2015) 115–
128.

[2]

P. Wambua, J. Ivens, I. Verpoest, Natural fibres: Can they replace glass in fibre
reinforced plastics?, Compos. Sci. Technol. 63 (2003) 1259–1264.

[3]

E.J. da Silva, M.L. Marques, F.G. Velasco, C. Fornari Junior, F.M. Luzardo, M.M.
Tashima, A new treatment for coconut fibres to improve the properties of cementbased composites – Combined effect of natural latex/pozzolanic materials, Sustain.
Mater. Technol. 12 (2017) 44–51.

[4]

E. Booya, H. Ghaednia, S. Das, H. Pande, Durability of cementitious materials
reinforced with various Kraft pulp fibres, Constr. Build. Mater. 191 (2018) 1191–
1200.

[5]

A. Bhargava, N. Banthia, Permeability of concrete with fibre reinforcement and
service life predictions, Mater. Struct. Constr. 41 (2008) 363–372.
118

[6]

N. Banthia, M. Sappakittipakorn, Z. Jiang, On permeable porosity in bio-inspired
fibre reinforced cementitious composites, Int. J. Sustain. Mater. Struct. Syst. 1
(2012) 29–41.

[7]

M. Sappakittipakorn, N. Banthia, Corrosion of Rebar and Role of Fibre Reinforced
Concrete, J. Test. Eval. 40 (2012) 103873.

[8]

L.G. Roque PE, Kim N, Kim B, Durability of fibre-reinforced concrete in Florida
environments. Technical report submitted to Florida department of transportation.
(2009).

[9]

H. Savastano, S.F. Santos, M. Radonjic, W.O. Soboyejo, Fracture and fatigue of
natural fibre-reinforced cementitious composites, Cem. Concr. Compos. 31 (2009)
232–243.

[10] B.J. Mohr, J.J. Biernacki, K.E. Kurtis, Supplementary cementitious materials for
mitigating degradation of Kraft pulp fibre-cement composites, Cem. Concr. Res. 37
(2007) 1531–1543.
[11] B.J. Mohr, H. Nanko, K.E. Kurtis, Durability of thermomechanical pulp fibrecement composites to wet/dry cycling, Cem. Concr. Res. 35 (2005) 1646–1649.
[12] P. Soroushian, J.-P. Won, M. Hassan, Durability characteristics of CO2-cured
cellulose fibre reinforced cement composites, Constr. Build. Mater. 34 (2012) 44–
53.
[13] A. Akhavan, J. Catchmark, F. Rajabipour, Ductility enhancement of autoclaved
cellulose fibre reinforced cement boards manufactured using a laboratory method
simulating the Hatschek process, Constr. Build. Mater. 135 (2017) 251–259.
119

[14] T.R. Anju, K. Ramamurthy, R. Dhamodharan, Surface modified microcrystalline
cellulose from cotton as a potential mineral admixture in cement mortar composite,
Cem. Concr. Compos. 74 (2016) 147–153.
[15] F.D. Tolêdo Romildo D., K. Ghavami, G.L. England, K. Scrivener, Development of
vegetable fibre-mortar composites of improved durability, Cem. Concr. Compos. 25
(2003) 185–196.
[16] B.J. Mohr, J.J. Biernacki, K.E. Kurtis, Microstructural and chemical effects of
wet/dry cycling on pulp fibre-cement composites, Cem. Concr. Res. 36 (2006)
1240–1251.
[17] B.J. Mohr, H. Nanko, K.E. Kurtis, Durability of Kraft pulp fibre – cement
composites to wet / dry cycling, Cem. Concr. Compos. 27 (2005) 435–448.
[18] J. Claramunt, M. Ardanuy, J.A. García-Hortal, R.D.T. Filho, The hornification of
vegetable fibres to improve the durability of cement mortar composites, Cem.
Concr. Compos. 33 (2011) 586–595.
[19] F. de A. Silva, R.D.T. Filho, J. de A.M. Filho, E. de M.R. Fairbairn, Physical and
mechanical properties of durable sisal fibre-cement composites, Constr. Build.
Mater. 24 (2010) 777–785.
[20] CSA A3001, Cementitious materials used in concrete, Canadian Standarads
Association, Mississuiga, Ontario, (2013) 1-292.
[21] ASTM C33, Standard specification for concrete aggregates, ASTM International,
West Conshocken, PA, (2016) 1-11.
[22] ASTM C494, Standard specification for chemical admixtures for concrete, ASTM
120

International, West Conshocken, PA. (2015) 1–9.
[23] American Society for Testing & Materials, ASTM C1240 - 12. Standard
specification for silica fume used in cementitious mixtures, ASTM International,
West Conshocken, PA. (2012) 1–7.
[24] ASTM C618, Standard Specification for coal Fly Ash and raw or calcined natural
pozzolan for use in concrete, ASTM International, West Conshocken, PA. (2010)
3–6.
[25] ASTM C330, Standard specification for lightweight aggregates for structural
concrete, ASTM International, West Conshocken, PA. (2017) 3–6.
[26] ASTM C989, Standard specification for slag cement for use in concrete and mortars,
ASTM International, West Conshocken, PA. 44 (2017) 1–8.
[27] N. Neithalath, J. Weiss, J. Olek, Acoustic performance and damping behavior of
cellulose-cement composites, Cem. Concr. Compos. 26 (2004) 359–370.
[28] M. Khorami, E. Ganjian, Comparing flexural behaviour of fibre-cement composites
reinforced bagasse: Wheat and eucalyptus, Constr. Build. Mater. 25 (2011) 3661–
3667.
[29] ASTM C143, Standard test method for slump of hydraulic-cement concrete, ASTM
International, West Conshocken, PA. C143. (2015) 1–4.
[30] ASTM C39, Standard test method for compressive strength of cylindrical concrete
specimens, ASTM International, West Conshocken, PA. (2016) 1–7.
[31] ASTM C1202, Standard test method for electrical indication of concrete’s ability to
resist chloride ion penetration, ASTM International, West Conshocken, PA. (2012)
121

1–8.
[32] ASTM C1585, Standard test method for measurement of rate of absorption of water
by hydraulic cement concretes, ASTM International, West Conshocken, PA. 41
(2013) 1–6.
[33] E. Güneyisi, M. Gesoğlu, E. Booya, K. Mermerdaş, Strength and permeability
properties of self-compacting concrete with cold bonded fly ash lightweight
aggregate, Constr. Build. Mater. 74 (2015) 17–24.
[34] A. Mor, Steel-concrete bond in high-strength lightweight concrete, ACI Mater. J. 89
(1992) 76–82.
[35] ASTM C 642, Standard test method for density , absorption , and voids in hardened
concrete, ASTM International, West Conshocken, PA. (2008) 11–13.
[36] J. Khedari, B. Suttisonk, N. Pratinthong, J. Hirunlabh, New lightweight composite
construction materials with low thermal conductivity, Cem. Concr. Compos. 23
(2001) 65–70.
[37] C.L. Hwang, V.A. Tran, J.W. Hong, Y.C. Hsieh, Effects of short coconut fibre on
the mechanical properties, plastic cracking behavior, and impact resistance of
cementitious composites, Constr. Build. Mater. 127 (2016) 984–992.
[38] M. Bentchikou, A. Guidoum, K. Scrivener, K. Silhadi, S. Hanini, Effect of recycled
cellulose fibres on the properties of lightweight cement composite matrix, Constr.
Build. Mater. 34 (2012) 451–456.
[39] E. Güneyisi, M. Gesoğlu, S. Al-Rawi, K. Mermerdaş, Effect of volcanic pumice
powder on the fresh properties of self-compacting concretes with and without silica
122

fume, Mater. Struct. Constr. 47 (2014) 1857–1865.
[40] M. Sappakittipakorn, N. Banthia, Corrosion of rebar and role of fibre reinforced
concrete, Journal of Testing and Evaluation. 40 (2012) 127–136.
[41] G.H.D. Tonoli, A.P. Joaquim, M.A. Arsne, K. Bilba, H. Savastano, Performance
and durability of cement based composites reinforced with refined sisal pulp, Mater.
Manuf. Process. 22 (2007) 149–156.
[42] E. Güneyisi, T. Özturan, M. Gesoǧlu, Effect of initial curing on chloride ingress and
corrosion resistance characteristics of concretes made with plain and blended
cements, Build. Environ. 42 (2007) 2676–2685.
[43] K.S. Chia, M.H. Zhang, Water permeability and chloride penetrability of highstrength lightweight aggregate concrete, Cem. Concr. Res. 32 (2002) 639–645.
[44] E. Güneyisi, M. Gesoʇlu, E. Booya, K. Mermerdaş, Strength and permeability
properties of self-compacting concrete with cold bonded fly ash lightweight
aggregate, Constr. Build. Mater. 74 (2015) 17–24.
[45] V. Boel, K. Audenaert, G. De Schutter, Gas permeability and capillary porosity of
self-compacting concrete, Mater. Struct. (2008) 1283–1290.

123

CHAPTER 5
EFFECT OF WEATHERING ON THE DURABILITY PERFORMANCE OF
ENGINEERED PULP FIBRE REINFORCED COMPOSITES
5.1 Introduction
Unreinforced cementitious composites are notoriously known for their weakness and lack
of toughness when subjected to tension and flexural forces. Adding a small amount of short
discrete fibres can improve the mechanical characteristics of these composites in terms of
flexure, toughness, and resistance to impact loads [1]. Cellulose Kraft pulp fibres are
among the common fibres used in fibre reinforced composites. Cellulose fibres are
promising reinforcing materials because of their renewability, availability, recyclability,
and nonhazardous nature [2,3]. Moreover, cellulose fibres provide a cost-effective
approach to reinforcing thin cementitious composites.
Cement based composites reinforced with other pulp fibres have been successfully used
for non-structural exterior applications exposed to various weathering actions such as wet
and dry and freeze and thaw cycling. However, many authors were concerned about the
mechanical performance of these composites when exposed to different environmental
conditions [4–10]. Researchers agree that the fibres are weakened when subjected to cyclic
weathering as the mechanical characteristics of the composites have been found to be
adversely affected.

A primary reason for the undesirable effect on the mechanical

properties is the presence of a high alkaline medium (i.e. cement-based matrix), which
degrades the cellulose fibres and other natural fibres [3,8]. Another reason is the migration
of hydration products to the fibre’s lumen, voids, and walls, which results in mineralization
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of the fibre. These factors weaken the fibres’ performance. Hence, the usage of such fibres
in large scale applications has been limited.
Degradation of fibre reinforced cementitious composites can be mitigated via two ways:
modification of the fibre or modification of the cementitious matrix [4–6,11]. Modifying
the fibres consist of chemical (fibre treatments) or physical (fibre fibrillation) modifications
[7,12,13]. These techniques have been found to be effective in increasing the bonding of
fibres in the composite and decreasing the moisture transfer around and through the fibres
during dry/wet cycles. Tonoli et al. [14] investigated the durability and mechanical
performance of refined sisal pulp fibres reinforced composites. The study found that higher
degree of refinement increased the modulus of rupture. However, toughness was
significantly decreased after 100 wet and dry cycles. Claramunt et al. [15] studied the effect
of hornificated Kraft pulp fibres on the durability of cement mortar composites. The study
concluded that the hornification of the fibres enhanced the durability and improved the
mechanical performance of the composites. Unmodified Kraft pulp, on the other hand,
facilitated the degradation of the composites. Other studies [4,5,11,14] evaluated the
influence of different treatments of softwood fibres on reducing composite degradations.
These treatments included fibre beating, initial drying age, bleaching, and pulp treatments
(thermomechanical or Kraft). These studies found that the drying state and beating did not
affect the mechanical performance of composites subjected to wet and dry cycles.
Additionally, composites made of thermomechanical pulp exhibited a higher strength and
toughness after 25 wet and dry cycles as compared to those made of Kraft pulp composites.
The literature review found that no study has investigated the effect of freeze and thaw
cycling of composites reinforced with engineered (i.e. refined) fibres. Moreover, limited
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work has been reported in the literature addressing the influence of different environmental
exposures on the durability of highly fibrillated Kraft pulp fibres. This study was
undertaken to evaluate the mechanical, durability, and microstructural performance of
cementitious composites reinforced with two engineered fibres. Both engineered fibres are
softwood fibres that are modified either externally (MMF) or internally (CTF). The
engineered fibres are expected to have increased fibrils count, resulting in increased surface
area. Conventional unmodified fibre (UF) was included in the study as a reference. The
MMF and CTF are proprietary to Domtar, and to the best of the authors’ knowledge, these
fibres have never been used in any fibre reinforced composites applications. The
mechanical performance of fibre reinforced composites was assessed by determining
compressive and flexural characteristics. The long-term durability was assessed after
subjecting the fibre reinforced cementitious composites to dry and soak and freeze and
thaw cycling. The work was completed using an experimental method.
5.2 Experimental Program
5.2.1 Materials
Three fully bleached Kraft pulp fibres were used as reinforcement of cementitious
composite. These three fibres include unmodified fibres (UF), mechanically modified
fibres (MMF), and chemically treated fibres (CTF). The fibres used were similar to the
ones used by Booya et al. [2] in their study on the permeability characteristics of fibre
reinforced concretes. The average fibre lengths are 0.8, 1.8, and 2.1 mm for UF, MMF and
CTF, respectively, and the average diameter (or width) of all fibre type is 18 µm. UF,
MMF, and CTF have a density of 0.493, 0.746, and 0.511 gm/cc, respectively. All fibre
types had negligible lignin content.
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The cement (C) used in this study was general use limestone (GUL) conforming to
Canadian standard, CSA A3001 [16]. The sand (fine aggregates) used in this study
conformed to the requirements of ASTM C33 [17] and had a maximum particle size of 5
mm. The sand had a specific gravity and fineness modulus of 2.51 and 2.63, respectively.
A high range water reducing admixture (HRWRA) type A&F, as recommended in ASTM
C494 [18], was utilized to achieve desired workability.
5.2.2 Mixture proportions and Specimen Preparations
A total of four mortar mixtures that have water to cement ratio of 0.5 and total cement to
sand ratio of 1 were prepared in this study. The mixture IDs listed in Table 5.1 are
designated to reflect the fibre type. For example, mixture M-UF refers to a mortar mixture
that is reinforced with unmodified cellulose pulp fibre. The control mixture (M-Control)
did not contain any fibre. All reinforced mixtures had one fibre content of 4 percent by the
weight of cement. Similar fibre content were used by other researchers in their study of
fibre reinforced cementitious materials [19–21]. Fibre content over 4% reduced the
workability of the mixtures. Thus, varied amount of superplasticizer (HRWRA) was added
to all mixtures to achieve required workability.
Cast-in-place method was adopted to prepare the fibre reinforced composites. The mixing
procedure for the mixtures followed several steps. The fibres, water, and plasticizer were
combined and mixed using a food blender for two minutes. This step is important to reduce
the clumping and balling of the fibres and to provide better dispersion of the fibres in water.
Then, the preconditioned mix of fibres, water, and plasticizer were poured gradually to the
sand and mixed in a high-speed laboratory mixing pan. Mixing was resumed for an
additional one minute. Afterward, the cement was added to the mixing container gradually
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with continuous high-speed mixing. The mixing was continued for three minutes and then
left to rest for two minutes. Additional two minutes of mixing was provided to complete
the mixing sequence.
From each mixture, eight 12.5 mm thick x 300 mm wide x 500 mm long plates and five 50
mm cubes were cast and compacted using a vibrating table. The hardened plates were
demolded after 24 hours and kept in limewater for at least 28 days. Then, the plates were
saw cut into prisms of 12.5 mm thick x 50 mm wide x 500 mm long.
Table 5.1 Test matrix and details of concrete mixtures
Mixture ID

Fibre content

Type of Kraft pulp fibre

M-Control

Percent of
cement mass
0

Percent
volume
0

M-UF

4

4

M-MMF

4

2.6

Fully bleached cellulose pulp unmodified
fibre (UF)
Mechanically modified fibre (MMF)

M-CTF

4

3.8

Chemically treated fibre (CTF)

No fibre added (control specimen)

5.2.3 Weathering procedure
Two weathering conditions (dry and soak, freeze and thaw) were applied to these
specimens to assess the long-term behaviour of fibre reinforced composites. In order to
simulate the natural weathering in terms of heat and rain, the dry and soak method was
adopted, and a specific procedure was followed. A set of prism specimens were subjected
to dry and soak aging cycles. The specimens were heated in the oven at 65°C ± 5°C for 23
hours and then allowed to cool at room temperature for one hour. After, the specimens
were immersed in water at 22°C ± 2°C for 23 hours and then it was removed from the water
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to dry for one hour. Each dry and soak set represents one cycle that was repeated for up to
40 times.
Another set of prisms was subjected to freeze and thaw cycles to simulate natural
weathering conditions in cold regions. Thus, specimens were put in a freezer at -22°C ±
2°C for 23 hours and then were removed to thaw for one hour in air. Afterward, the
specimens were soaked in water at 22°C ± 2°C for 23 hours and then allowed to air dry for
one hour. Each freeze and thaw set represents one cycle that was repeated for up to 40
times.
For each weathering condition, about two cycles were completed in a week. The prism
specimens were cured in limewater for at least 28 days prior to cycling. In order to test all
prism specimens at the same age, the prisms subjected to lower number of cycles were kept
in limewater to cure for an extended period of time, until cycling commenced. This ensured
that the continued hydration process did not influence the results. For example, prisms to
be subjected to 10 freeze and thaw cycles were kept in limewater to cure for 19 weeks.
Cycling was then conducted over a five weeks period and testing occurred at the specimen
age of 24 weeks. Prisms that were subjected to 40 freeze and thaw cycles were kept in
limewater to cure for 4 weeks. The prisms were then cycled for 20 weeks and tested on the
24th week. A similar concept and procedure was followed by Mohr et al [11]. To compare
the flexural performance of the cycled specimens, an unaged specimen (tested at 28 days)
was also added to the test matrix. Therefore, for each weathering condition there were
unaged, 0, 10, 30, and 40 cycles specimens. Zero cycle (0 cycle) specimens were aged and
cured in water for 24 weeks, while unaged specimens were only cured for 4 weeks (28
days).
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5.2.4 Test Methods
ASTM C109 [22] was followed to assess the compressive strength of each mixture. The
average of five cubic specimens at 28 days was determined. The specimens were first
removed from the curing chamber and air dried in ambient temperature for two days until
testing.
Three-point flexural test was performed as per ASTM C1185 [23]. Figure 5.1 shows the
three-point bending setup used for the mortar prisms. The ratio of the flexural span to the
specimen thickness was higher than 18 (Span = 250 mm) as recommended in ASTM
C1185. The loading rate used in flexure tests were kept constant at 0.05 mm/second. The
average of at least three specimens were reported for each aged and unaged conditions. A
computerised data acquisition system was used to record the load and mid-point deflection.
The load-deflection behaviour, flexural strength, toughness, and the deflection at peak load
were acquired and analysed. Scanning electron microscope (SEM) observations were also
conducted to study the microstructural and interfacial characteristics of fibre reinforced
composites. The fractured surface of the specimens at both weathering conditions and at
different cycling periods were investigated.
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Figure 5.1 Flexural test set up

5.3 Results and Discussion
5.3.1 Compressive strength
The variation in average compressive strength of mortar cubes is presented in Figure 5.2.
The 28-day compressive strength of the unreinforced mixture (M-Control) was 57 MPa.
Figure 5.2 shows that addition of fibres (4% by the weight of cement) decreased the
compressive strength. The use of unmodified fibre (UF) in mixture M-UF resulted in the
highest reduction in compressive strength by about 25% when compared to the
unreinforced mixture (M-Control). It was also found that the drop in compressive strength
for mixtures with MMF and CTF fibres was less compared to mixture UF. Hence, the
current study shows that when specimens are subjected to axial loading, both engineered
(modified) fibres (MMF and CTF) provided a better bonding ability that enhanced the load
transfers within the concrete microstructure. The trend in reduction of compressive strength
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is in agreement with work previously reported on cementitious composites reinforced with
other natural fibres of lengths less than 2 mm [2,24,25]. This may indicate that proper
compaction of the mixtures was difficult to achieve because large amounts of fibres (4%
by weight of cement) were used in the study. This drop in compressive strength could also
be attributed to the balling or congestion of the fibres that weaken the bond between the
fibres and the matrix [24]. Khedari et al. [25] found that the drop in compressive strength
of fibre reinforced concretes is related to the low density of the specimens. Hence,
specimens containing flexible fibres (such as cellulose fibre used in the current study)
would have lower density as compared to unreinforced specimens due to the fact that these
fibres are expected to induce more voids, which lightens the material [26]. Therefore,
mixtures containing MMF and CTF have resulted in less voids as compared to the mixture
containing UF.
70

Compressive strength, MPa

60
50
40

30
20
10
0
M-Control

M-UF

M-MMF

M-CTF

Mixture ID

Figure 5.2 Variation in compressive strength at 28 days
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5.3.2 Dry and soak cycles
The effect of dry and soak cycling on ultimate flexural strength is presented in Figure 5.3.
Further, the typical load-deflection behaviour for fibre reinforced specimens subjected to
dry and soak cycling is presented in Figure 5.4. For each fibre type, the performance was
compared to an unaged specimen that is tested at the age of 28 days. Results from Figures
5.3 and 5.4 suggest that the dry and soak cycles significantly reduced the flexural toughness
of the composite and the ultimate flexural strength, regardless of the fibre type used. From
Figure 5.3, it is obvious that aged specimens that are not subjected to any cycling (0 cycle)
had flexural strength higher than that of unaged specimens. This is due to continued
hydration of the cement paste of the composites, which allowed more strength development
with time. Composites with zero cycles were tested at the age of 24 weeks, while the
unaged specimens were tested after 28 days. Further, both composite specimens reinforced
with engineered fibres (M-MMF and M-CTF) had significant increase in flexural strength
at zero cycles (24 weeks) as compared to the unaged specimens (at 28 days). However, this
is not the case for composites reinforced with UF as only slight increase in flexural strength
was reported. This may be attributed to the fact that the modifications done to the
engineered fibres (MMF and CTF) resulted in increased fibre-matrix interfacial adherence
and high polar component of the surface energy [27,28]. Hence, prolonged curing led to
densification of the cementitious phase of the composite.
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Figure 5.4 Typical load-deflection curves after dry and soak cycles
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The increase in the number of dry and soak cycles resulted in greater flexural strength and
toughness reduction. However, composites reinforced with CTF were more resistive to the
deteriorations caused by dry and soak cycling as compared to the other two composites. As
can be found in Figure 5.3, the flexural strength remained almost the same after 30 cycles
(about 5.7 MPa) for M-CTF. In contrast, the flexural strength significantly decreased for
composites reinforced with UF at the same number of cycles (30 cycles). The percent
reduction in flexural strength when cycles increased from zero to 40, were 49%, 43%, and
33%, for composites M-UF, M-MMF, and M-CTF, respectively.
The toughness of the reinforced cementitious composites is usually linked to fibre length.
The applied stress transfer from the matrix to the fibre causes debonding at the interface
which results in fibre pull-out through the matrix. This leads to a considerable amount of
frictional energy loss that contributes to the toughness [29]. The toughness of the
composites was computed by measuring the area under the load-deflection curves. As can
be observed from Table 5.2, dry and soak cycles significantly reduced the toughness,
regardless of the fibre type. The percent reduction in flexural toughness when cycles
increased from zero to 40, were 76.6%, 50.1%, and 42%, for composites M-UF, M-MMF,
and M-CTF, respectively. Hence, both engineered fibres used in this study minimized the
degradation of the composites and provided a better flexural performance. Between the
two engineered fibres used, specimens made of CTF exhibited better flexural behaviour
than specimens made of MMF, as shown in Figure 5.3 and Table 5.2. This suggests that
CTF has greater volume stability due to the extreme refinement and chemical treatments
the fibre was exposed to during its production [2]. The ductility of the composites was
assessed by observing the mid-span deflection at the maximum load. All composites (M-
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UF, M-MMF, and M-CTF) exhibited considerable loss in deflection with the progressive
cycling.
5.3.3 Freeze and thaw cycles
The variation in ultimate flexural strength and typical load-deflection curves due to freeze
and thaw cycling is presented in Figures 5.5 and 5.6, respectively. As obvious from Figure
5.6 and Table 5.2, reinforced composites with both engineered fibres (Figures 5.6b and
5.6c) had no energy dissipation ability after ultimate flexural strength. Fibre refinement
results in excessive fibre-matrix bonding that cause fibre rupture rather than pull out at the
composite fracture surfaces. Hence, composites containing refined fibre would result in
brittle failure and considerable loss in toughness [5,14]. This suggests that both MMF and
CTF bonded very well in the cement matrix and made an intimate contact with surrounding
particles, causing brittle failure of the fibres, as observed by Tonoli et al. in their study on
sisal fibre reinforced composites [14]. However, composites reinforced with UF showed
considerable toughness and energy dissipation ability beyond ultimate load. Regardless of
the fibre type, the repetitive freeze and thaw cycling reduced the flexural strength. The
flexural strength decreased when cycles increased from zero to 40. The percent reduction
was 20.5%, 23.9% and 29.6%, for composites M-UF, M-MMF, and M-CTF, respectively.
However, the percent reduction in flexural strength for these specimens subjected to 40
cycles as compared to unaged specimens were found to be 19.5%, 1% and 1%, for
composites M-UF, M-MMF, and M-CTF, respectively.
For composites reinforced with CTF, the reduction remained the same after 10 cycles. The
reported results showed comparable flexural strength values with composites (M-CTF)
subjected to further cycling (30 and 40 cycles). As obvious in Figure 5.5, composites M137

MMF were the most resistive to freeze and thaw cycles. After the exposure to 40 cycles,
composite specimens M-MMF had the highest flexural strength as compared to M-CTF
and M-UF specimens. Hence, between the two engineered fibres, the MMF showed less
degradation of the composites and provided a better flexural performance after 40 cycles.
It is worth noting that composites subjected to freeze and thaw cycles exhibited less
damages than those subjected to dry and soak cycles, regardless of the fibre type. The
precipitation and leaching of the hydration products into the fibre’s lumen and surfaces
(mineralization effect) are the main reasons for the deterioration of the composites when
subjected to soak and dry cycles [30]. The presence of fibres in the composites may have
improved freeze and thaw durability by resisting the initiation of micro-cracks induced by
internal frost pressure [30].
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Figure 5.6 Typical load-deflection curves after freeze and thaw cycles
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Table 5.2 Flexural characteristics of the composites
Soak and dry

Freeze and Thaw

Toughness (N-mm)

Toughness (N-mm)

Cycles

M-UF

M-MMF

M-CTF

Cycles

M-UF

M-MMF

M-CTF

Unaged

127.2 (15.6)

54.4 (8.7)

45.0 (11.3)

Unaged

127.2 (15.6)

54.4 (8.7)

45.0 (11.4)

0

146.0 (10.1)

48.0 (14.1)

52.1 (9.5)

0

146.0 (10.1)

48.0 (14.1)

52.1 (9.5)

10

65.7 (9.4)

35.8 (5.4)

22.6 (9.5)

10

125.8 (23.3)

47.3 (9.2)

32.6 (5.5)

30

39.5 (10.8)

28.0 (6.1)

20.3 (1.6)

30

128.1 (21.6)

54.6 (12.1)

22.3 (6.9)

40

29.7 (1.2)

27.1 (9.6)

26.1 (4.1)

40

105.7 (2.5)

43.2 (7.3)

23.3 (3.4)

Deflection (mm)

Deflection (mm)

Cycles

M-UF

M-MMF

M-CTF

Cycles

M-UF

M-MMF

M-CTF

Unaged

0.57 (0.03)

0.46 (0.08)

0.52 (0.05)

Unaged

0.57 (0.03)

0.46 (0.08)

0.52 (0.05)

0

0.58 (0.11)

0.42 (0.04)

0.50 (0.09)

0

0.58 (0.11)

0.42 (0.04)

0.50 (0.09)

10

0.43 (0.01)

0.38 (0.06)

0.38 (0.05)

10

0.66 (0.08)

0.49 (0.04)

0.41 (0.03)

30

0.35 (0.01)

0.36 (0.03)

0.31 (0.06)

30

0.50 (0.05)

0.49 (0.07)

0.33 (0.05)

40

0.35 (0.07)

0.35 (0.06)

0.32 (0.07)

40

0.50 (0.04)

0.50 (0.07)

0.32 (0.04)

Values in parentheses are the standard deviation of the mean
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5.4 Microstructural properties
Reinforced composites at both weathering conditions (dry and soak cycles and freeze and
thaw cycles), at 0 and 40 cycles, were investigated for interfacial properties. In general, the
fibres appeared to be well dispersed and the adopted mixing method was effective in
dispersing the fibres evenly in the cementitious matrix. Figure 5.7 shows the images
obtained from composites at 0 cycles (24 weeks). As can be observed in this figure, fibres
are well embedded in the matrix and the fibre tips exhibited no damages, which suggests
fibre pull-out failure mode (Figure 5.7). Further, the hydration products are clearly visible
on and around the fibres.

a) UF

b) MMF

c) CTF

Figure 5.7 SEM images of the fibre reinforced composites

Repetitive dry and soak cycles damaged the fibres and thus decreased the mechanical
performance of the composite. After 40 cycles, the fibre lumen for M-UF composites was
filled with hydration products, which resulted in the embrittlement of the fibres, as can be
observed in Figure 5.8. Previous studies [31,32] on sisal pulp fibre had similar observations
and confirmed that calcium hydroxide (CH) is a primary product that is transported through
the fibre’s lumen. The microstructural characteristics for composites reinforced with MMF
(M-MMF) after 40 dry and soak cycles is shown in Figure 5.9. As obvious from the figure,
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the fibre’s morphology, surfaces, tips, and lumen is severely damaged and deteriorated.
Mohr et al. [5,11] explained that Kraft pulp fibres cast-in-place cementitious composites,
subjected to dry and soak cycling, deteriorate in three progressive stages. These stages are:
debonding of fibres that opens up few voids, precipitation of secondary ettringite in the
voids created by the fibre deboning, and embrittlement of fibres due to mineralization of
the fibre cell wall. Repetitive dry and soak cycling let the pulp fibre to shrink and swell
without impedance. Accordingly, the pore solution expels pressure through fibre ends and
longitudinal surface along the fibre. This embrittlement is to blame for the toughness loss.
Linking these observations with the mechanical performance of these composites, it is
obvious that most of the loss in flexural toughness was due to the fact that the leaching of
the hydration products increased the brittleness of the composites.

Figure 5.8 SEM images of M-UF composite after 40 cycles of soak and dry
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Figure 5.9 SEM images of M-MMF composite after 40 cycles of soak and dry

The scanning electron microscope observations of 40 freeze and thaw cycles of all three
reinforced composites is presented in Figure 5.10. It is obvious from these figures that few
fibres were de-bonded from the matrix. Hence, empty pockets were observed, which
suggests fibre pull-out failure mode. Further, the picture shows (Figure 5.10a) that there is
a gap in the fibre-matrix region resulting from specimen drying. Both engineered fibres
showed improved volume stability as no gaps were visible between the fibre and the
cementitious matrix.
Gap in the fibre-matrix

a) UF

b) MMF

c) CTF

Figure 5.10 SEM images of composites after 40 cycles of freeze and thaw
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5.5 Conclusions
Based on the experimental results presented in this paper, the following conclusions are
drawn. These conclusions may be limited to the scope of the current study.
•

All reinforced mixtures reinforced with pulp fibres resulted in a reduction in the
compressive strength as compared to the control mixture (unreinforced), regardless
of the fibre type. This agrees with many previous studies. However, results
reported in this study showed that the reduction are not a matter of serious concern.
Nonetheless, reinforcing mortar mixtures with MMF and CTF exhibited slightly
higher strengths than the mixtures reinforced with UF.

•

The flexural strength for aged specimens that are not subjected to any cycles (0
cycle specimens tested after 24 weeks) had flexural strength higher than that of
unaged specimens (at 28 days without application of any cycle), regardless of the
fibre type. Both composite specimens reinforced with engineered fibres (M-MMF
and M-CTF) had significant increase in flexural strength at zero cycles as compared
to the unaged specimens.

•

Repetitive dry and soak cycles reduced the flexural strength and toughness.
Composites reinforced with UF marked the highest reduction in strength and
toughness as compared to composites made of both engineered fibres MMF and
CTF. However, between these two composites, M-CTF was found to be more
resistive to the deteriorations caused by dry and soak cycling. Moreover, all
composites (M-UF, M-MMF, and M-CTF) exhibited considerable loss in
deflection with the progressive cycling.
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•

Freeze and thaw cycles were less damaging to the reinforced composites than the
dry and soak cycles. Load-deflection curves showed that the composites with UF
had a higher energy dissipation ability beyond ultimate load. In contrast, engineered
fibres (MMF and CTF) exhibited a brittle failure mode.

•

The investigation of interfacial properties showed that the adopted mixing method
used in the composites productions was effective in dispersing the fibres evenly.
SEM images for composites at 0 cycle revealed that fibres are well embedded in
the cementitious matrix with no damages to the fibre tips. However, SEM images
of composite M-UF subjected to 40 dry and soak cycles showed that the fibre lumen
is filled with hydration products. Similarly, MMF in composite M-MMF had the
fibre’s lumen, surfaces, and tips, severely damaged and deteriorated.

•

The repetitive freeze and thaw cycles seemed to be less deteriorative to the fibres
than the dry and soak cycles. SEM images showed that both MMF and CTF showed
improved volume stability as no gaps were observed at the fibre-matrix zones.
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CHAPTER 6
PERFORMANCE OF FLY ASH AND SLAG CONTAINING ENGINEERED
CEMENTITIOUS COMPOSITES
6.1 Introduction
In recent years, research on the development of high-performance fibre-reinforced
cementitious composites (HPFRCC) marked remarkable advancements. HPFRCC are
known for low water-to-cementitious materials ratio (W/CM) and are designed to produce
superior tensile properties and enhanced durability against environmental conditions [1].
One such consideration in this regard is the development of engineered cementitious
composite (ECC).
ECC is a type of HPFRCC that is designed with micromechanical principles [2,3].
Micromechanics allows optimization of the composite for high performance while
minimizing the amount of reinforcing fibres, typically less than 2% by volume. Unlike
ordinary cement-based materials, ECC exhibits tensile strain-hardening like behaviour
after first cracking, similar to a ductile metal, and demonstrates a strain capacity of 300 to
500 times higher than normal concrete. ECC exhibits self-controlled crack widths under
increasing load. Even at large imposed deformation, crack widths of ECC remain small,
typically less than 60 µm [1,4,5]. The tight crack width in hardened ECC is a result of
controlled matrix fracture toughness and effective fibre bridging provided by the micro
polymer fibres and optimized fibre-matrix interface properties. The multiple cracking in
ECC results in such high toughness, high ductility, strain hardening like behaviour, and
large deformation capacity under compression and tension [2].
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The most promising areas for the application of ECC is highway structures. These
structures such as bridges regularly suffer from axial and bending stresses, and weather
effects, which leads to repairing or replacing of various components and sometime
replacing of entire bridge structure due to formation of cracks, unwarranted expansion, or
steel corrosion caused by ingress of water or chlorides. High bending and shear strengths
besides the self-healing ability of the cracks in ECC, made it a suitable alternative for link
slab in bridge constructions [6]. Moreover, ECC is considered as an appropriate material
for increasing the service life of bridges. This is primarily due to the presence of polyvinyl
alcohol (PVA) fibres in ECC (PVA-ECC). These fibres exhibit elastic ductility behavior
when subjected to tension similar to steel rebars [6].
The applications of ECC are beneficial due to its high strength, low life-cycle cost, and
environmentally friendliness. Hence, the applications of ECC have expanded in recent
years. As well, since 2000, ECC has been used in the building of skyscrapers in Japan and
of a bridge deck in Michigan [7].
The production of ECC mixtures has been mainly associated with the use of high
supplementary cementitious materials (SCM) content. Many studies in literatures [4,5,8,9]
have used fly ash (FA), slag (SG), silica fume (SF), metakaolin (MK), or natural pozzolan
in the production of ECC. However, fly ash is the most widely used SCM for typical ECC
mixtures. Nonetheless, reports from different concrete associations and manufacturers
around the world, especially in Europe and North America, have reported a shortage in
supply for good quality Class F and Class C fly ash [10]. This is due to the fact that many
countries around the world, including Canada, are moving fast towards green and
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sustainable power generation, which will see complete elimination of coal plants in the
near future.
On the other hand, the supply of slag, which is a by-product of the iron-making process, is
expected sustain. Like fly ash, utilizing slag in the production of ECC decreases
environmental waste and improves the composites’ mechanical and durability
performances. Slag has more consistent physical and chemical properties as compared to
fly ash [11]. This makes it more reliable for concrete suppliers and construction companies
to use slag instead of fly ash.
Studies on conventional cement based products reported that partial or full replacement of
slag increases the flexural strength and tensile strain capacity and would provide better
resistance to chloride penetration, and sulfate attack [12]. Other studies showed that the
slag blends have the ability to improve the fibre distribution which results in more
homogenous dispersion of the fibres in the matrix [13,14]. Recent studies focused on the
use of slag in concretes as it is efficient, durable, and a sustainable option for different
concrete applications. Ozbay et al. [14] reported an improved flexural performance of ECC
mixtures when the slag to cement ratio is increased. That study focused on the dual effect
of freezing and sulfate attack of ECC mixtures containing high volumes of slag. However,
the study did not compare the mechanical and durability performance of full slag ECC
mixtures with those made of fly ash blends. Another study by Zhu et al. [5] found that
partial inclusion of slag in ECC mixtures significantly increased the compressive strength
and improved the tensile strain of the ECC mixtures. Moreover, the combination of slag
and fly ash showed strain-hardening like behaviour and increased ultimate tensile strength.
However, slag blends increased the drying shrinkage strain values especially within the
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first five days. Nonetheless, the study did not look into the influence of full slag
replacement on the mechanical properties on ECC.
Despite the reported results on the behaviour of ECC mixtures containing slag, the
literature review found that limited work has been undertaken with regards to the use of
slag in ECC production. Most of these studies focused on mechanical performance and
only limited work has been reported on the permeability and durability properties of slag
containing ECC mixtures. Previous studies either had fly ash only or slag only mixtures.
However, one study had both slag and fly ash but this study did not look into full
replacement of slag and the effect of prolonged curing on the ECC performance [5]. Hence,
a comprehensive and detailed research plan was designed and completed under the scope
of this study. The current study investigated and compared the influence of binary and
ternary use of fly ash and slag on the mechanical and durability properties of ECC. The
current study also investigated the effect of replacing higher amounts of SCM and
prolonged curing periods on the mechanical and durability performance of the ECC
mixtures. The strength, permeability, drying shrinkage, and expansion due to alkali-silica
reaction (ASR) of ECC mixtures were assessed for compressive strength, split-tensile
strength, direct tensile strength, four-point bending strength, chloride permeability, water
absorption, and rate of absorption. Moreover, the testing for drying shrinkage and ASR
expansion were determined for a period of eight and four weeks, respectively.
6.2 Experimental program
6.2.1 Materials
General use limestone cement (C) type conforming to Canadian standard, CSA A3001 [15]
was used as binder in all mixtures. Commercially available fly ash (FA) and slag (SG) were
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used as SCM. The physical and chemical properties of the SCM and cement satisfied the
recommendations of ASTM C618[16], ASTM C989[17], and CSA A3001[15] standards.
Table B.1 (in Appendix B) lists the chemical composition of the cement and SCM materials
used. Lake sand type LS-50 with maximum grain size of 600 µm was used in the production
of the ECC mixtures. A workability modifying admixture (high range) as per ASTM C494
[18], was employed to achieve workable cementitious mixture. Polyvinyl fibres (PVA) of
8 mm length and 39 µm diameter were used. These PVA fibres had an average tensile
strength and specific gravity of 1600 MPa and 1.3, respectively.
6.2.2 Mixture proportions and Specimen Preparations
Tests on the ECC mixtures were completed in two phases; however, a water-binder ratio
of 0.25 was maintained in both phases. Phase I consisted of four mixtures that had SCM/C
ratio of 1.2 and sand to binder ratio of 0.34, as shown in Figure 6.1. However, phase II
consisted of two mixtures that have SCM/C ratio of 2.2 and sand to binder ratio of 0.36.
The mixture IDs listed in Table 6.1 are selected to reflect the SCM/C ratio, and the SCM
portion percent used in the ECC mixtures. For example, mixture ECC1.2-0SG refers to an
ECC mixture that had SCM/C ratio of 1.2 and zero slag content (hence, it had only fly ash
as SCM), while ECC2.2-100SG refers to an ECC mixture that had SCM/C ratio of 2.2 and
100 percent slag content (and hence, it had no fly ash). Mixtures ECC1.2-0SG and ECC2.20SG only had fly ash minerals, while mixtures ECC1.2-100SG and ECC2.2-100SG had
only slag minerals. Mixtures ECC1.2-30SG and ECC1.2-70SG had fly ash partially
replaced with slag mineral. The replacement levels were 30% and 70%, respectively.
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Table 6.1 Details of ECC mixtures (kg/m3)
Material
(kg/m2)

ECC1.20SG

Phase I
ECC1.2ECC1.230SG
70SG

ECC1.2100SG

Phase II
ECC2.2- ECC2.20SG
100SG

Cement (C)

600

600

600

600

380

420

Fly Ash (FA)

700

490

210

0

836

0

0

210

490

700

0

924

Sand

446

446

446

446

437

483

Water

327

327

327

327

316

350

Fibre

26

26

26

26

26

26

Water/binder

0.25

0.25

0.25

0.25

0.25

0.25

Sand/Binder

0.34

0.34

0.34

0.34

0.36

0.36

SCM/C

1.2

1.2

1.2

1.2

2.2

2.2

Slag (SG)

The procedure of mixing for the ECC followed several steps. First, sand, cement, and SCM
were added to a standard laboratory mixer and dry mixed for five minutes. Then, the water
and the specified amount of HRWRA were mixed separately and then were slowly added
to the dry mixture. Mixing was stopped for one minute to initiate the chemical reactions.
Next, the PVA fibres were added slowly to reduce balling and clumping of the fibres and
to provide a better dispersion of the fibres in water. This step took approximately six to
eight minutes. To complete the mixing procedure, two more minutes of mixing was
provided.
For each ECC mixture, prisms, beams, and cylinders of varying dimensions were prepared
and casted for different mechanical and durability tests, as shown in Table 6.2. The
specimens used for determining the compressive strength, direct tensile, and four-point
bending tests were first released from the water (curing chamber) and let to air dry in an
room (ambient) temperature for two days until testing.
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Table 6.2 ECC Specimen numbers and dimensions
Test name

Specimen numbers

Dimensions

Testing age/Duration

Compressive Strength Twenty cylinders

Ø75x150 mm

3, 7, 28 and 90 days

Direct tensile

Eight prisms

50x50x431mm

28 and 90 days

Four-point Bending

Eight beams

75x75x355 mm

28 and 90 days

Split Tensile

Twelve cylinders

Ø100x200 mm

3, 7, 28 and 90 days

Permeability *

Four cylinders

Ø100x200 mm

28 and 90 days

Drying Shrinkage

Four bars

25x25x250 mm

Up to five weeks

Alkali Silica Reaction Four bars

25x 25x250 mm

Up to eight weeks

*Permeability tests include rapid chloride penetration, sorptivity, and immersion
absorption

6.2.3 Test methods
6.2.3.1 Compressive strength
The compressive strength of the ECC mixtures were evaluated according to ASTM C39
[19]. The average of five cylindrical specimens (Ø75×150 mm) is reported at each testing
age of 3, 7, 28, and 90 days.
6.2.3.2 Direct tensile test
The uniaxial tensile strength test was performed to determine the tensile stress-strain
behaviour of ECC. The specimen dimension (50x50x431 mm) and test setup recommended
by the American Federal Highway Administration (FDHA) [20] was followed. A slight
modification to the gripping system was adopted in the test setup used in this research.
Prior to testing, specific steps were undertaken to prepare the specimens. After curing in
water, the ECC specimens were let to air dry in room temperature. The surface of the dried
specimens was then cleaned to remove any debris. Roughened aluminum plates, which
were degreased using isopropyl alcohol, were then bonded to the ECC specimen using a
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thin layer of high-strength and high stiffness structural epoxy. The epoxy material was
allowed to cure for 24 hours before testing. Digital image correlation (DIC) technique was
used to measure the strain profile and strain data. Previous studies used a similar technique
to measure the surface strain field and surface displacement field [21]. The prism
specimens were clamped at the top and bottom end, leaving a 100 mm gauge length at the
mid-length of the specimen as can be found in Figure 6.1. ECC prisms were tested using a
universal testing machine and were loaded with a constant cross head rate of 0.005 mm/s.
For each testing age, three prism specimens were tested, and the average (mean) value is
reported.

Figure 6.1 Tensile strength test setup

6.2.3.3 Four-point bending
Four-point bending test was performed as per the recommendations of ASTM C1609 [22].
ECC specimens with 355 mm in length and 75 mm by 75 mm in cross-sectional area, were
tested using the same universal testing machine. The deflection was measured at the midspan using a 25 mm liner variable displacement transducer (LVDT). The average deflection
of four specimens is reported for each testing age of 28 and 90 days.
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6.2.3.4 Split tensile
The split tensile strength of the ECC mixtures were determined as per ASTM C496 [23].
The mean value of three cylindrical specimens (Ø100×200 mm) is reported at each testing
age of 3, 7, 28, and 90 days.
6.2.3.5 Permeability testing
The resistance of ECC mixtures to chloride ion penetration was evaluated in terms of
charges passed in accordance to ASTM C1202 [24]. For ECC mixture and for each testing
age of 28 and 90 days, two mid-portion disk cut of 50 mm thick specimens were cut from
Ø100 × 200 mm cylinder. After, the disk specimens were attached to the testing cell with
one face in contact with 0.3N sodium hydroxide (NaOH) solution and the other face with
3% NaCl solution. Data acquisition system (DAQs) logged the current (DC) of 60 ± 0.1
volts that passed through the disk specimen over a six hours period of time. By knowing
the time and current, the overall passed charge (Coulombs) through the disk specimen was
calculated. ASTM C1202 [24] categorized the chloride permeability of concrete into five
classes ranging from “high” to “negligible”.
The sorptivity test was conducted at two testing ages of 28 and 90 days, to determine the
rate at which the water is drawn inside the pores. For each testing age, two specimens were
cut and conditioned according to ASTM C1585 [25] with dimensions of Ø100 × 50 mm
from cylindrical specimens of Ø100 × 200 mm. The specimens were oven dried at 55 (±
5°C) for 24 hours. Afterward, the specimens were exposed to room temperature to cool
down. Silicon coating was applied to the cylindrical cut specimen side. Then, the initial
dry mass of the specimen was marked prior to its placement on an edge-like support in a
tray filled with water. The level of water over the support was maintained at 3 mm. The
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increase in mass due to surface water absorption was measured at 1, 4, 9, 16, 25, 49, and
64 minutes. The rate of absorption was determined by dividing the change in mass by the
surface area of the specimen and the density of water. These values are plotted against the
square root of time. The slope of the line of the best fit was used to define the sorptivity
coefficient of ECC. The test was performed at 28, and 90 days. The reduction in water
sorptivity indicates that ECC mixtures have tiny pore structures that prevent the ingress of
damaging substances into the pore system. Thus, reducing the penetration of sulfatecontaining or chloride-containing water into concrete is crucial as these substances lead to
serious damages [26,27].
Two ECC cylindrical specimens of Ø100 × 50 mm were obtained from ECC cylinder
specimens of Ø100 × 200 mm and tested for immersion water absorption. For this, the
procedure recommended by ASTM C642 [28] was followed to determine water absorption
percent for the ECC mixtures. First, the specimens were oven dried for 24 hours and then
they were exposed to the room temperature to cool down. Subsequently, the specimens
were fully immersed in water (20°C) for two days. Then the change in mass of each
specimen was calculated. The two-day water absorption percent was considered for each
testing age (28, and 90 days) to evaluate the absorption capacity of ECC mixtures.
6.2.3.6 Drying shrinkage
Standard ECC bars having dimensions of 25 mm wide x 25 mm thick x 250 mm long were
prepared to investigate the length change due to unrestrained drying shrinkage. Curing and
testing of the specimens were performed as per ASTM C596 [29] and ASTM C490 [27].
Two gauge studs, which serves as measuring points, were attached at each ends of the ECC
bars. The ECC bars were cast then cured for 24 hours. Then, these bars were demolded and
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were left to cure in water for 48 hours. The specimens were then surface dried and an initial
reading was obtained using a length comparator. ECC bars were placed in an
environmental chamber, which has the capacity to maintain a relative humidity of 45
percent (±5 percent) and a temperature of 21°C (±1°C). The length readings were taken up
to eight weeks (56 days) of air exposure.
6.2.3.7 Alkali silica reaction (ASR)
ASTM C1260 [30] was followed to assess the expansion of the ECC mixtures. Alkali silica
reaction (ASR) causes expansion of cementitious materials that contain deleterious
aggregates. Standard dimension bars with cross-sectional dimensions of 25 mm x 25 mm
and length of 250 mm were used to investigate the length change. ECC mixtures were cast
into the bar molds and the hardened specimens were demolded after 24 hours. Then, these
specimens were cured in hot water (80°C ± 2°C) for another 24 hours. The initial reading
was recorded 30 seconds after removing the bar specimens from the water. To accelerate
the ASR development, the specimens were cured in 1 mol NaOH solution at 80°C (± 2°C)
for a minimum of 14 days. Specimens were monitored for 28 days after submerging in
NaOH.
6.3 Results and discussions
6.3.1 Compressive strength
The variation in compressive strength of ECC mixtures at different ages is presented in
Figure 6.2. It is obvious from this figure that the binary system of fly ash blends had the
lowest compressive strength at all ages (ECC1.2-0SG and ECC2.2-0SG). For phase I, the
binary system that included fly ash only (ECC1.2-0SG) marked the lowest strength.
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However, including slag blends in ECC mixtures as binary and ternary systems
significantly improved the compressive strength, regardless of the testing age. For
example, mixtures ECC1.2-100SG and ECC2.2-100SG marked the highest strength among
binary (ECC2.2-0SG, and ECC2.2-100SG) and ternary (ECC1.2-0SG, ECC1.2-30SG,
ECC1.2-70SG, and ECC1.2-100SG) mixtures, respectively.
At 90 days, mixture ECC1.2-100SG marked the highest compressive strength of 89.5 MPa,
a 47% increase compared to mixture ECC1.2-0SG. Zhou et al. [12] and Zhu et al. [5]
reported similar effect of slag blends on the compressive strength of ECC. The pozzolanic
properties of slag blends are known to be beneficial for early age strength gain [5]. Hence,
mixtures incorporating slag blends exhibited a higher gain in strength at early ages (i.e. 3
and 7 days) as compared to those incorporating fly ash blends only. Increasing the SCM/C
ratio from 1.2 (phase I) to 2.2 (phase II) decreased the compressive strength as can be found
in Figure 6.2. The reduced amount of cement content per cubic meter might have attributed
to the reduction in compressive strength in phase II. However, at 28 days, all mixtures in
both phases had compressive strengths higher than 48.0 MPa. This compressive strength
value may satisfy the requirement of most engineering applications.
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Figure 6.2 Compressive strength of ECC mixtures

6.3.2 Split tensile strength
Figure 6.3 demonstrates the variation in split tensile strength of ECC mixtures at different
testing ages. As can be observed in this figure, mixture ECC1.2-100SG exhibited the
highest split tensile strength if compared with other mixtures at the equivalent age. The
high gain in strength was observed as early as at an age of 3 days, where the split tensile
value of 4.10 MPa was recorded. Between mixtures ECC1.2-0SG (no slag and all fly ash)
and ECC1.2-100SG (no fly ash and all slag), ECC1.2-100SG showed a higher split tensile
strength and the increases in strength were 48.1%, 13.2%, 25.9%, and 14.1% at 3, 7, 28,
and 90 days, respectively. It is evident that the strength gains in the binary mixture that
contains only slag and no fly ash (ECC1.2-100SG) is higher than that of mixtures
containing only fly ash and no slag (ECC1.2-0SG). However, at later ages, the difference
in strength reduced between these mixtures due to pozzolanic reaction process of the fly
ash blends [31]. Combining slag with fly ash improved the split tensile strength in mixtures
ECC1.2-30SG (30% slag and 70% fly ash) and ECC1.2-70SG (70% slag and 30% fly ash).
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However, it was found that the higher the slag amount replaced with fly ash, the higher the
split tensile strength of the ECC mixtures. Ismail et al. [9] reported a similar increase in
strength at 7 and 28 days when higher amounts of slag were incorporated with fly ash. That
study did not investigate the split tensile strength beyond 28 days.
On the other hand, both mixtures in phase II showed comparable split tensile strengths if
compared with the split tensile strengths of ECC1.2-0SG and ECC1.2-100SG in phase I.
Hence, increased SCM volume (from 1.2 to 2.2) does not seem to be effective in increasing
the split tensile strength. Nonetheless, the results seem to be useful as there was no alarming
reduction in the split tensile strength of phase II mixtures, which had a reduced cement
content.
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Figure 6.3 Split tensile strength of ECC mixtures
6.3.3 Direct tensile strength
The typical stress-strain curves obtained from uniaxial tensile strength test for ECC
mixtures at 28 and 90 days are presented in Figures 6.4 and 6.5, respectively. Table 6.3
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summarizes the direct tensile strengths of all ECC mixtures. As can be found from Figures
6.4 and 6.5, all mixtures in both phases and at both testing ages exhibited strain-hardening
like behaviour, which is a unique feature for ECC. As can be observed, the stress continued
to increase with the formation of multiple cracks and this has resulted in an improved
inelastic strain. After reaching the ultimate strength, all specimens exhibited localised
failure.
In general, addition of slag blends improved the tensile strength of the ECC mixtures in
phase I, regardless of the testing age (Table 6.3). However, mixtures containing slag
(ECC1.2-30SG, ECC1.2-70SG, and ECC1.2-100SG) exhibited reduced tensile strain at
failure as compared to ECC1.2-0SG, which contains fly ash only (Table 6.3). Nonetheless,
all mixtures in phase I exhibited at least 1.9% tensile strain at failure. Hence, the test data
indicates that partial replacement of slag with fly ash will cause in reduction in ductility in
terms of failure tensile strain. However, the reduction may not be a serious concern
depending on the application. At 90 days, mixture ECC1.2-100SG had a tensile strain of
2.5%, which is 20.2% less than that of mixture ECC1.2-0SG. This reduction can be
attributed to enhanced chemical bonding at the fibre-matrix interface due to the addition of
slag [12]. This enhanced bonding restricts the slippage of the fibre from its pocket resulting
in a fibre breakage – leading to less tensile strain.
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Figure 6.4 Direct tensile strength at 28 days
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Figure 6.5 Direct tensile strength at 90 days
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Table 6.3 Direct tensile results of ECC mixtures
Mixture ID

Age
Ultimate tensile
Tensile strain at
(days)
strength (MPa)
rupture (%)
ECC1.2-0SG
28
3.5 (0.16)
2.4 (0.33)
90
3.7 (0.04)
3.1 (0.62)
ECC1.2-30SG
28
3.7 (0.13)
2.9 (0.37)
90
4.4 (0.17)
2.8 (0.36)
ECC1.2-70SG
28
4.1 (0.10)
1.9 (0.05)
90
4.3 (0.02)
2.0 (0.10)
ECC1.2-100SG
28
4.3 (0.07)
2.5 (0.20)
90
4.4 (0.16)
2.5 (0.20)
ECC2.2-0SG
28
4.2 (0.17)
2.6 (0.16)
90
4.5 (0.15)
4.2 (0.44)
ECC2.2-100SG
28
4.3 (0.24)
1.8 (0.12)
90
4.6 (0.01)
2.9 (0.02)
Value between parentheses is the standard deviation of the mean

Phase II

Phase I

Phase

Increased SCM volume in phase II mixtures (from 1.2 to 2.2) significantly improved the
ECC tensile strain capacity as compared to mixture ECC1.2-0SG and ECC1.2-100SG in
phase I. This improvement is most likely due to the fact that high SCM volume resulted in
increased interface frictional bond which is in favor of improving the tensile strain and
ductility [31,32]. The tensile strain at failure for mixtures ECC2.2-0SG and ECC2.2100SG were 1.78% to 4.16%, respectively. However, the tensile strength for the same
mixtures marked almost similar values at both testing ages. Therefore, this study found that
the production of ECC mixtures using either partial or full replacement of slag can be
achieved without compromising the ductility much.
6.3.4 Flexural testing
The typical load-deflection behaviours for ECC mixtures at 28 and 90 days are presented
in Figures 6.6 and 6.7, respectively. These plots are chosen to represent and compare the
flexural and toughness performances between various ECC mixtures studied. Table 6.4
summarizes the bending test results which were determined using the guidelines of ASTM
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C1609 [22]. In this table, fp is the maximum stress value obtained for a specimen, dp is the
deflection at the maximum stress. The fL/600 is the residual strength at net deflection of
L/600 and fL/150 is the residual strength at net deflection of L/150. The residual strength
refers to the flexural strength computed from a load correspond to a deflection of L/600 or
L/150. L is the span length of the beam (304.8 mm). The T600 and T150 are the toughness
values obtained from the area under the load-deflection curves within the range of 0 to
L/600 and 0 to L/150, respectively. As can be found in Figures 6.6 and 6.7, the ECC
mixtures had the capacity to withstand the load after first crack and exhibited several peaks
in the stress afterwards at both testing ages of 28 days and 90 days. This behaviour satisfies
the ECC design requirements in terms of strain-hardening like behaviour [9]. It is also
worth mentioning that in all mixtures, multiple and very tiny cracking behaviour was
observed, regardless of the testing age.
In phase I, the maximum bending strength and the deflection at maximum strength ranged
from 8.1 to 12.1 MPa, and 1.36 to 2.97 mm, respectively at both ages. Hence, SCM blends
of 70% SG and 30% FA in mixture ECC1.2-70SG, and 100% SG blends in mixture
ECC1.2-100SG, provided substantial post-cracking and toughness behaviour at 28 days as
compared to mixture ECC1.2-0SG (it had no slag) and ECC1.2-30SG (Figure 6.6 a). This
is possibly due to delayed pozzolanic reactions of fly ash blends, which resulted in weak
PVA fibre-interface chemical bonding. However, all mixtures in phase I showed an
improved flexural property and toughness when curing was extended to 90 days. As can
be found in Table 6.4, at 90 days, all ECC mixtures of phase I had comparable load
deflection characteristics. Mixture ECC1.2-100SG marked the highest strength of 11.9 and
12.1 MPa at 28 days and 90 days, respectively (Table 6.4). At both ages, the toughness at
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deflection of 2 mm (L/150) was slightly higher for mixture ECC1.2-100SG (which had
only slag and no fly ash) as compared to mixture ECC1.2-0SG that contained only fly ash
blends.
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Figure 6.6 Typical load-deflection curves at 28 days
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Figure 6.7 Typical load-deflection curves at 90 days

As evident in Figures 6.6 and 6.7 and Table 6.4, increasing SCM/C from 1.2 (phase I) to
2.2 (phase II) did not contribute in increasing the flexural strength for phase II mixtures
(ECC2.2-0SG and ECC2.2-100SG) at 28 days as compared to mixtures ECC1.2-0SG and
ECC1.2-100SG. However, at 90 days, the toughness characteristics (T600, and T150) of
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mixtures ECC2.2-0SG and ECC2.2-100SG had comparable values to mixtures ECC1.20SG and ECC1.2-100SG as can seen in Table 6.4. The enhancement in the toughness of
ECC mixtures containing high amounts of SCM is likely due to the reduced chemical bond
between the PVA and the cementitious matrix interface. At the same time, large SCM
volume resulted in increased interface frictional bond which is in favor of improving the
toughness [4,31]. Scanning Electron Microscopy (SEM) observation was conducted to
investigate the interfacial properties of fractured specimens in mixture ECC2.2-100SG. As
shown in Figure 6.8a, most of the PVA fibres de-bonded from its pocket. This confirms
the assumption that increasing the SCM volume results in improved frictional bonding.
Further, the magnified SEM image in Figure 6.8b revealed that only few fibrils are still
attached to the cementitious matrix by the means of chemical bonding.
Both mixtures in phase II exhibited a better flexural property and had comparable flexural
strength and toughness, as shown in Table 6.4. At 90 days, the T600 value was 4.2 and 4.3
Joules for mixture ECC2.2-0SG and ECC2.2-100SG, respectively. Whereas, the T150 value
was 22.4 and 22.0 Joules, respectively. Therefore, this study concludes that ECC mixtures
made of only slag can have similar or comparable bending capacity characteristics to those
mixtures made of only fly ash.

171

Table 6.4 Flexural strength results for ECC mixtures
Phase

Mixture ID

Age
(days)

fp
(MPa)

dp
(mm)

fL/600
(MPa)

fL/150
(MPa)

T600 (Joules)

T150
(Joules)

ECC1.2-0SG

28

9.7 (0.15)

2.9 (0.93)

8.1 (0.35)

9.1 (0.33)

4.4 (0.37)

22.9 (0.98)

ECC1.2-70SG

90
28
90
28

10.2 (0.23)
8.1 (0.25)
9.0 (0.29)
10.9 (0.15)

2.3 (0.34)
1.5 (0.38)
1.9 (0.24)
2.9 (0.33)

8.1 (0.26)
6.6 (0.41)
6.9 (0.14)
7.8 (0.37)

9.2 (0.48)
3.3 (0.06)
8.8 (0.28
10.4 (0.11)

3.6 (0.69)
3.9 (0.17)
3.6 (0.09)
3.5 (0.56)

23.3 (1.17)
16.2 (0.88)
19.7 (1.89)
23.3 (2.12)

ECC1.2-100SG

90
28

10.4 (019)
11.9 (0.04)

1.9 (0.13
1.9 (0.05)

8.1 (0.11)
9.0 (0.06)

10.0 (0.18)
10.7 (0.09)

4.2 (0.42)
4.3 (0.34)

24.0 (0.52)
26.9 (0.44)

90

12.1 (0.06)

1.7 (0.30)

9.7 (0.03

4.0 (0.11)

4.4 (0.68)

25.2 (2.05)

28
90
28
90

9.0 (0.06)
9.2 (0.38)
7.6 (0.17)
9.7 (0.15)

3.3 (0.55)
1.7 (0.72)
0.8 (0.17)
1.4 (0.22)

6.6 (0.08)
7.3 (0.23)
6.6 (0.20)
8.1 (0.35)

9.0 (0.22)
8.1 (0.16)
1.7 (0.06)
9.1 (0.33)

2.8 (0.04)
4.2 (0.66)
3.2 (0.13)
4.3 (0.63)

18.8 (1.46)
22.4 (1.54)
14.0 (0.28)
21.9 (1.78)

Phase I

ECC1.2-30SG

Phase II

ECC2.2-0SG
ECC2.2-100SG

Values between parentheses is the standard deviation of the mean
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Empty Pockets
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b) Fibre pocket (x1000)

a) Fibre de-bonding (x29)

Figure 6.8 PVA fibre de-bonding in mixture ECC2.2-100SG

6.3.5 Rapid chloride penetration
The chloride ion transfer through cement-based products often causes a serious problem,
especially when these ions reach the embedded steel reinforcement. Chloride ions that
penetrate steel reinforcement cause formation of rust products, which leads to a reduction
in the durability and service life of cement-based structures. The rapid chloride ion
permeability test is an assessment that aids in evaluating the long-term durability of
concrete. In this test, the permeation of chloride ions is usually assessed by the means of
charge passed over a specified time interval. Specimens with less charge passed indicate a
better quality and reduced permeability [33]. The variation in the charge passed for all the
ECC mixtures is presented in Figure 6.9. In phase I, the charge passed at 28 days was 978
coulombs and 755 coulombs, for binary mixtures ECC1.2-0SG and ECC1.2-100SG,
respectively. Incorporating slag with fly ash in the ternary mixtures ECC1.2-30SG and
ECC1.2-70SG the charge passed at 28 days were 848 coulombs and 837 coulombs and
hence, a reduction of 13% and 14%, respectively were observed in these two mixes. This
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can be attributed to the fact that incorporating slag results in a denser microstructure with
less interconnected pores.
Phase II mixtures had an increased SCM/C ratio of 2.2. However, no change in penetration
resistance to chloride ions was observed in these mixtures. This finding is in a good
agreement with the study completed by Ozbay et al. [31] on the properties of ECC
containing high volume fly ash. However, results from this study contradicts reported
research on mortars and concretes. Typically, the addition of high volume pozzolans to
concrete mixtures reduce chloride ion permeability as pozzolanic reaction results in fewer
capillary pores which reduces the transport of chloride ions [34].
Prolonged water curing of 90 days significantly improved the quality of all ECC mixtures.
This can be attributed to the maturity of hydration products and the pozzolanic reactions
built up in the pores. The curing supplied the needed moisture for the pozzolanic reaction
to continue in both phases. Class F fly ash is a well-known mineral that provides better
durability properties. However, its effect is more evident at later ages (i.e. 90 days) when
enough moisture is provided [4]. Continued curing from 28 to 90 days resulted in a
reduction in charge passed. Specifically, for mixtures ECC1.2-0SG and ECC2.2-0SG, the
charges passed reduced from 978 to 412 (57% reduction) coulombs and 1455 to 719
coulombs (50% reduction), respectively. The total charge passed reduced from 755 to 408
coulombs (45% reduction) and 957 to 696 coulombs (27% reduction) for mixtures ECC1.2100SG and ECC2.2-100SG, respectively.
The binary effect of slag in mixtures ECC1.2-100SG and ECC2.2-100SG provided
comparable chloride ions resistance if compared with binary mixtures containing fly ash
(ECC1.2-0SG and ECC2.2-0SG) at 90 days. Hence, this study concludes that slag blends
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has no adverse effect on the durability of ECC mixtures in terms of chloride ion
permeability. It is worth mentioning that all mixtures except ECC2.2-0SG at 28 days
successfully achieved the low ion permeability rating (under 1000 coulombs) as per ASTM
C1202 [24].
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Figure 6.9 Chloride penetration of ECC mixtures

6.3.6 Sorptivity
Water sorptivity is the material property which refers to the tendency of absorbing and
transmit water via capillary suction [27]. Sorptivity tests determine the rate of
unidirectional water absorption in concrete specimens by assessing the unsaturated flow of
water and the pore’s capillary potential. High sorptivity values indicate that a cementitious
material is poor in quality as it is characterized by increased porosity. This internal property
of cementitious materials leads to the penetration of water through interconnected pores
[26]. The sorptivity coefficient values measured for the ECC mixtures at 28 and 90 days
are presented in Figure 6.10. Mixture ECC1.2-0SG, which contained fly ash to cement
ratio of 1.2 but contained no slag, marked the highest sorptivity coefficient of 0.061
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mm/min0.5 and 0.051 mm/min0.5 at 28 and 90 days, respectively. However, incorporating
slag with fly ash significantly reduced the sorptivity coefficient in phase I, as evident in
Figure 6.10, regardless of the testing age. In comparing ECC1.2-100SG with ECC1.2-0SG,
the largest reduction in sorptivity coefficient at 28 and 90 days were found to be 25% and
49%, respectively. Hence, this study found that partial or full replacement of slag with fly
ash results in improved durability in terms of sorptivity coefficients.
Figure 6.10 also shows that increasing the fly ash to cement ratio from 1.2 (mixture
ECC1.2-0SG) to 2.2 (mixture ECC2.2-0SG) resulted in an insignificant positive effect of
only 11% on the rate of absorption at the age of 28 days. Studies [4,31] completed to
determine the effect of high volume of fly ash on sorptivity coefficients and these studies
also found similar results. However, these studies were limited to curing of 28 days and
hence, these studies did not investigate the influence of continued curing on the rate of
water absorption. The current study showed that prolonged curing (90 days) was effective
in reducing the sorptivity coefficients for mixtures containing fly ash, as can be found in
Figure 6.10. This may be due to the continued hydration process of the unhydrated particles
in the ECC. This is also an indication of self-healing ability of the ECC as the mixtures
can generate C-S-H to bridge the cracks [4].
In phase II, the high-volume slag mixture ECC2.2-100SG, marked the lowest sorptivity
coefficient of 0.032 mm/min0.5 among all other mixtures at 28 days. However, at 90 days
both ECC1.2-100SG and ECC2.2-100SG showed comparable coefficient values. The
typical sorptivity value for normal concretes with water/cement ratio of 0.4 and dried at
105℃ is 0.09 mm/min0.5 [35]. Hence, in the current study, the coefficient values of ECC
mixtures (< 0.06 mm/min0.5) were particularly low as compared to conventional concretes.
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Reduced sorptivity coefficients can be due to the absence of coarse aggregates, low water
to binder ratio, and high powder content (fly ash or slag) [4]. Moreover, pozzolans like fly
ash and slag result in a denser matrix that may lead to reduced pore size and thicker
transition zones between the fibre and the matrix [36].
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Figure 6.10 Rate of water absorption

6.3.7 Water absorption
The water absorption test by immersion is a method of estimating and assessing the total
pores that can be reached by water in cementitious composites. The two-day immersion
absorption test results of all ECC mixtures are shown in Figure 6.11. In phase1, mixture
ECC1.2-0SG had the largest absorption of 1.9% and 1.8% at 28 and 90 days, respectively.
For this figure, it is evident that including slag with fly ash in a ternary system resulted in
a significant reduction in water absorption. The higher the slag volume, the larger the
reduction in absorption percent. Hence, full replacement of slag in mixture ECC1.2-100SG
improved the packing density and marked the highest reduction among all mixtures in
phase I, regardless of the testing age. The reported absorption percent value for mixture
177

ECC1.2-100SG is 1.05% and 0.77% at 28 and 90 days, respectively. Moreover, when
comparing the performance of the binary mixtures in phase I, the absorption percent for
mixture ECC1.2-0SG reduced by 44.7% and 57.5% at 28 and 90 days, respectively, when
compared with mixture ECC1.2-100SG.
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Figure 6.11 Water absorption

In phase II, the increase in fly ash volume (increasing fly ash to cement ratio from 1.2 to
2.2) showed an insignificant effect on reducing the absorption percent at 28 days. Ozbay
et al. [31] reported similar findings and linked this behaviour to slow reaction of fly ash at
an early age and insufficient curing that is necessary for high volume FA containing
mixtures. The current study found that a prolonged curing of 90 days, mixture ECC2.20SG showed a remarkable absorption reduction of 27.3% when compared to absorption
results at 28 days (Figure 6.11). On the other hand, increasing slag volume lowest
absorption of 0.81% and 0.57% at 28 and 90 days, respectively. The enhanced performance
of ECC mixtures with slag blends may be due to an improvement in the interfacial
transition zones (ITZ) which decreased the water transfer. The ITZ typically include a high
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concentration of large CH crystals which may lead to localized areas with higher porosity
and less desirable mechanical properties [27]. Hence, this study found that slag blends are
effective in enhancing the durability of ECC mixtures in terms of water absorption percent.
6.3.8 Drying shrinkage
The drying shrinkage of ECC mixtures were determined over a period of eight weeks (56
days) as shown in Figures 6.12 and 6.13. Since the water to binder ratio was kept
unchanged in all mixtures, it may be said that the resulting drying shrinkage is due to the
inclusion of minerals and their amounts. As obvious in Figure 6.12, all ECC mixtures
exhibited a high drying shrinkage rate at an early age and up to about first two weeks.
However, after 21 days, rate of increases in shrinkage strain was less and thus, at that stage,
the ECC mixtures exhibited a volume stability in terms of the drying shrinkage.
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Figure 6.12 Drying shrinkage strain profile

Figure 6.13 shows drying shrinkage strains measured from specimens of phase I after eight
weeks. In phase I, the mixture with only fly ash blend (ECC1.2-0SG) had drying shrinkage
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strains less than other mixtures of this phase. A similar trend was observed in phase II, for
mixture ECC2.2-0SG. In fact, increasing the cementitious amount of fly ash in mixture
ECC2.2-0SG significantly decreased drying shrinkage strain. As such, the drying
shrinkage strain of ECC2.2-0SG was the lowest amongst all mixtures studied in this
research (1151x10-6). Hence, since the water to binder ratio was very low (0.25), most fly
ash particles served as fine aggregates, restraining the shrinkage [5]. Further, the lowest
drying shrinkage of ECC2.2-0SG can be related to the fact that fly ash induced the dense
particle packing that optimized the pore distribution.
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Figure 6.13 Drying shrinkage strain after eight weeks for ECC mixtures
Partial replacement of fly ash blends by slag caused a slight increase in the drying shrinkage
strain and hence, it did not improve the ECC volume stability. Hence, the current study
does not agree with the findings of a previous study completed by Zhu et al [5]. Increasing
the SG/C ratio from 1.2 to 2.2 decreased the shrinkage and improved the volume stability.
At eight weeks (56 days), mixture ECC2.2-0SG marked the largest reduction of 1151 µm,
a 25.5% reduction as compared to mixture ECC1.2-0SG (Figure 6.13). As well, mixture
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ECC2.2-100SG had its shrinkage strain reduced by 6.7% as compared to ECC1.2-100SG.
This study therefore, found that increasing the fly ash and slag contents (SCM/C =2.2)
decrease the drying shrinkage strains and improves the volume stability of the ECC
mixtures.
6.3.9 Alkali silica reaction
Alkali Silica Reaction (ASR) expansion of ECC mixtures is presented in Figure 6.14. As
can be found from this figure, all mixtures had expansion percent less than 0.06. Therefore,
the ASR expansion for all mixtures included in this study can be classified as harmless as
per ASTM C1260 since expansion percent for all mixes was less than 0.1 [30]. The low
expansion of these ECC mixtures is due to high SCM content in both phases. Addition of
SCM, particularly class F fly ash consumes calcium hydroxide during the pozzolanic
reaction that reduces the alkalinity of the pore solution. In phase I, ECC mixture containing
low amount of slag (ECC1.2-30SG) had almost similar expansion behaviour as the mixture
containing no slag (ECC1.2-0SG). However, a higher amount of 70% slag content
(ECC1.2-70SG) significantly reduced the expansion. Further, full replacement of fly ash
with slag marked the lowest ASR expansion. The expansion of full SG replacement was
89% less than ECC1.2-0SG that had no SG.
Increasing SCM amount in mixtures of phase II (ECC2.2-0SG and ECC2.2-100SG)
resulted in expansions less than 0.2%. Between these two mixtures (ECC2.2-0SG and
ECC2.2-100SG), ECC2.2-100SG performed better as it was observed to be less expansive.
Pozzolanic materials like fly ash and slag are expected to refine the pore structure of the
matrix. This leads to the reduction in the alkali diffusion from the host solution into the
testing specimens and to binding alkalis products into calcium silicate hydrates [37,38].
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Sahmaran and Li [37] also linked the reduction in ASR expansion of ECC mixtures to the
use of micro-fibres, particularly PVA. Thus, the low ASR expansion found in this study
can also be due to the use of micro-fibres (PVA fibres) as previous researches [39,40]
showed that these fibres aid in suppressing the expansion of the composites. These previous
studies focused on the influence of ASR expansion when adding micro-fibre to different
types of regular cementitious composites (i.e. concrete).
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Figure 6.14 ASR expansion of ECC mixtures

6.4 Conclusions
Based on the experimental results presented in this paper, the following conclusions are
drawn. These conclusions can be limited to the conditions, and specimens used in the
current study.
•

Adding slag (either partially or fully) increased the compressive and split-tensile
strengths in comparison to the FA only mixtures, regardless of the testing age. Slag
blends improved early age strength for both phases. Increasing the SCM/C from
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1.2 to 2.2 decreased the compressive and split-tensile strengths. However, all
mixtures had compressive strength value of at least 48 MPa at 28 days. Prolonged
curing period was effective in improving the strength.
•

Direct tensile stress-strain curves showed a strain-hardening like behaviour for all
ECC mixtures at both testing ages of 28 days and 90 days. The addition of slag in
mixtures ECC1.2-30SG and ECC1.2-70SG improved the ultimate tensile strength,
however, it reduced the failure tensile strain as compared to FA only mixture
ECC1.2-0SG at 90 days. In comparison to mixture ECC1.2-100SG, increased SG
amount (SCM/C=2.2) and continued curing improved the tensile strain of mixture
ECC1.2-100SG.

•

The addition of SG increased the flexural strength and provided an improved postcracking behaviour. High volume fly ash replacement in phase II mixture (EC2.20SG) provided a better bending characteristic. At 90 days, T600 and T150 toughness
values for mixture ECC2.2-100SG (100% slag) were comparable to those obtained
from mixture ECC2.2-0SG (100% fly ash).

•

The chloride penetration results showed that slag is more effective than fly ash in
reducing chloride ion transfer at 28 days. Hence, in phase I, higher slag replacement
resulted in a greater reduction in chloride ion transfer. Further, prolonged curing of
90 days resulted in a low chloride penetration rating for all ECC mixtures of both
phases.

•

The sorptivity results showed that slag is more effective than fly ash in reducing
rate of water transfer. Hence, in phase I, higher slag replacement resulted in a
greater reduction. Similarly, a positive effect on the water absorption values was
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reported for mixtures containing slag blends. The increase in the SCM/C amount
from 1.2 to 2.2 increased the permeation in terms of chloride penetration, sorptivity,
and water absorption.
•

The drying shrinkage strains measure after 8 weeks showed that incorporating slag
blends in ECC mixtures induces more strain values than fly ash blends. However,
increasing the slag to cement ratio to 2.2 substantially improved volume stability in
terms of drying shrinkage. Mixture ECC2.2-0SG marked the lowest reduction in
drying shrinkage strain value after eight weeks of observation.

•

The ASR expansion of ECC mixtures was rated as harmless (<0.1%) as per ASTM
C1260. Mixtures containing fly ash had higher ASR expansion percent values as
compared to the mixtures containing slag. However, adding slag with fly ash
(ECC1.2-30SG and ECC1.2-70SG) resulted in less ASR expansion. Increased
amount of SCM in phase II mixtures, ECC2.2-0SG and ECC2.2-100SG
significantly reduced the ASR and marked less than 0.02% expansion value.
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CHAPTER 7
GENERAL CONCLUSIONS AND RECOMMENDATIONS
The experimental work in this thesis was undertaken to determine the mechanical,
durability, shrinkage, and microstructural characteristics of various fibre reinforced
cementitious composites. Based on the experimental results of the studies conducted, the
following conclusions are drawn and recommendations for future work are suggested.
7.1. Kraft pulp fibre reinforced cementitious composites
1. The addition of engineered pulp fibres, such as mechanically modified fibres (MMF)
and chemically treated fibres (CTF), in cementitious composites effectively reduced crack
width and eliminated plastic shrinkage strains and cracking. The performance of mixtures
made with MMF and CTF, in terms of plastic shrinkage, was better than mixtures made
with unmodified fibres (UF). It was found that lower amounts of engineered fibres were
needed to achieve a crack-free surface. The tiny micro-scaled fibrils on the MMF surface
contributed in effectively eliminating plastic shrinkage cracks and provided internal
friction that resulted in reduced shrinkage strains. Drying shrinkage, on the other hand, was
reduced or remained unchanged when 1% engineered fibre was added to the mortar
mixtures.
2. Pulp fibres reduced the compressive strength for both mortars and concretes, regardless
of the type of fibre. Increasing the fibre amount slightly increased the reduction in the
compressive strength. Mortar and concrete composites reinforced with MMF showed
higher strengths than those made with CTF and UF. Reinforced concretes with MK binary
blends significantly improved and increased the strength of concrete mixture MMF-02. In
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fact, MMF-02-MK exhibited comparable strength to unreinforced concrete (Control-PC).
However, incorporating FA class C blends and PM blends in the composite mixtures were
ineffective in improving strength.
3. Reinforcing concretes with Kraft pulp fibres increased the penetration of chloride ions,
regardless of the fibre type. As expected, the sorptivity and water absorption percent values
of pulp fibre reinforced concretes were higher than unreinforced concrete (Control-PC).
However, prolonged curing significantly reduced the charge passed and lowered the
sorptivity coefficients. Moreover, the addition of SCMs also lowered the permeability
characteristics. SF and MK blends incorporated in concrete mixture MMF-02 were found
to be the most effective SCMs for improving durability in terms of permeability. SEM
images showed that mortars reinforced with SF, MK, and SG exhibited rough and dense
matrices, which increased fibre-matrix adherence. Increased bond resulted in the fracture
of fibre tips.
4. Repetitive dry and soak cycles reduced the flexural strength and toughness of pulp fibre
reinforced composites. Composites containing UF exhibited the highest reduction in
strength and toughness as compared to composites made with MMF and CTF. Composites
reinforced with CTF (M-CTF) was found to be more resistive to the deteriorations caused
by dry and soak cycling. SEM images revealed that progressive cycling of M-MMF
composites led to the damage and deterioration of the fibre’s lumen, surfaces, and tips.
5. Repetitive freeze and thaw cycles were found to be less damaging to fibre reinforced
composites as compared to dry and soak cycles. Moreover, all composites (M-UF, MMMF, and M-CTF) exhibited considerable loss in deflection with the progressive cycling.
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6. The cast-in-place mixing procedure that was used in the production of pulp fibre
reinforced composites was effective in dispersing the fibres in the cementitious composite.
This was confirmed by electronic microscope and SEM observations.
7.2 Slag containing engineered cementitious composites
1. Replacing fly ash with slag, either partially or fully, increased the compressive strength
of ECC mixtures. However, increasing the SCM to cement ratio from 1.2 to 2.2 lowered
the compressive strength. Nonetheless, the lowest compressive strength value obtained was
48 MPa.
2. Strain-hardening behaviour was apparent in all ECC mixtures tested for direct tensile
strength. ECC mixtures containing slag blends had higher tensile strength compared to
ECC mixtures made with fly ash blends only (Phase I).
3. For both SCM to cement rations of 1.2 and 2.2, flexural strength was improved with
partial and full replacement of slag as compared to fly ash only. The toughness
characteristics (T600 and T150) for mixtures ECC2.2-100SG and ECC2.2-0SG were
comparable at 90 days.
4. The permeability characteristics were significantly improved when slag blends were
incorporated in the mixtures. Hence, partial and full replacement of slag reduced the
penetration of chloride ions, sorptivity coefficients, and absorption percent, regardless of
the testing age. However, mixtures with SCM to cement ratio of 2.2 had higher
permeability as compared to its counterpart mixtures that had SCM to cement ratio of 1.2.
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5. Slag to cement ratio of 1.2 resulted in increased drying shrinkage strain after eight weeks.
However, increasing the slag to cement ratio to 2.2 significantly proved volume stability,
which decreased drying shrinkage.
6. All ECC mixtures had ASR expansion percent less than 0.1%, which is below the
threshold specified in ASTM C1260. Mixtures containing only fly ash blends had higher
ASR expansion compared to mixtures containing slag blends. ASR expansion of 0.02%
was observed for mixtures ECC2.2-0SG and ECC2.2-100SG.
7.3 Recommendations for future work
7.3.1 Pulp fibre reinforced composites
1. It is recommended that the effect of the type and amount of engineered pulp fibers on
autogenous shrinkage of cementitious composites should be carried out. Moreover, the
characteristics of plastic shrinkage in terms of strain and cracking should be correlated with
capillary pressure and temperature of the cementitious pores.
2. The potential for pulp fibre reinforced composites to resist impact loading should be
studied through an experimental testing program.
3. More durability tests should be conducted to assess the quality and integrity of reinforced
composites exposed to different environmental conditions such alkaline, acidic, and salty
environments.
4. The effect of partial cement replacement with supplementary cementitious materials on
mechanical performance of composites subjected to weathering conditions should be
considered.
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7.3.2 Slag containing engineered cementitious composites
1. The influence of fly ash replacement with slag on the fresh property of ECC mixtures
should be considered in future works. Specifically, workability and rheology should be
investigated. Moreover, studies on the influence of slag blends on plastic and autogenous
shrinkage of ECC should be conducted as gaps in literature exist in this area of research.
2. More durability tests should be conducted to better understand the behaviour of ECC
containing slag. Tests on gas permeability, water permeability, salt scaling, sulfate attack,
freeze and thaw, and dry and soak should be considered.
3. The permeability of cracked ECC specimens should be conducted through a
comprehensive long-term experimental study. Such study could also be used to investigate
the possibility of crack width minimization through the self-healing ability of ECC.
Cracked sections can be exposed to different liquids to simulate natural environmental
conditions and crack width reduction can be monitored over a period of time.
7.4 Study limitations
It is worth to note that the data obtained in the current study are limited to the specific lab
tests and under controlled environment conditions. Hence, these experimental data are
valid for the test specimens, test procedure, load, and lab conditions used in this study.
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APPENDIX A
WORKABILITY OF PULP FIBRE REINFORCED COMPOSITES

Table A.1 Mortar flow values for pulp fibre reinforced mortars (M1)
Fiber Type

Fiber
content (%)

Control
UF

0.0
0.5
1.0
2.0
0.5
1.0
2.0
0.5
1.0
2.0

MMF

CTF

Superplastisizer
(mL)
0
25
30
80
20
40
80
20
40
60

Initial Flow
(mm)

Final Flow
(mm)

Flow %

120
110
100
100
110
130
125
140
95
95

240*
230
210
180
220
240
250
250*
185
210

100
109
110
80
100
85
100
79
95
121

* refers to mortar overflowed the plate before 25 drops
Table A.2 Slump values of pulp fibre reinforced concretes
Mixture ID
C-Control
C-UF-02
C-MMF-02
C-CTF-02

Slump (mm)
100
70
80
80
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Remarks and observations
Workable
Very Sticky mix
Sticky Mix
Sticky Mix

APPENDIX B
CHEMICAL COMPOSITION OF SUPPLEMENTARY CEMENTITIOUS
MATERIALS USED IN THE PRODUCTION OF ECC

Table B.1 Chemical composition of cementitious materials (%)
Analyte Symbol

PC

FA-F

SG

Co3O4
CuO
NiO
SiO2
Al2O3
Fe2O3(T)
MnO
MgO
CaO
Na2O
K2O
TiO2
P 2 O5
Cr2O3
V2O5
LOI
Total

< 0.005
0.01
< 0.003
19.78
5.38
2.67
0.066
2.44
62.43
0.12
0.49
0.31
0.13
0.01
0.009
1.52
95.38

< 0.005
0.009
0.231
61.3
19.91
6.9
0.066
1.74
1.33
1.02
2.26
0.9
0.15
0.04
0.953
3.65
100.5

< 0.005
0.005
< 0.003
36.9
9.08
0.61
0.327
10.91
37.6
0.25
0.26
0.36
0.01
0.01
0.004
0.26
96.58

Note: these chemical analyses were obtained through Actlab.
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